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Abstract

In this thesis we design and study three-quark operators that are essential
for the calculation of baryon distribution amplitudes. These nonpertur-
bative objects grant insight into the internal structure of hadrons, but
their renormalization patterns are nontrivial and need to be treated with
care. With the application to lattice simulations in mind we discuss
two renormalization schemes, MS and RI/SMOM, and connect them by
calculating conversion factors. Armed with this knowledge we are able
to extract phenomenologically relevant results from an accompanying

lattice analysis.
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Chapter

Introduction

The goal of high energy physics is to study matter in terms of elementary particles
and to understand the interactions which bind them. The Standard Model of particle
physics unifies theories that describe three of the fundamental interactions, namely the
electromagnetic, weak, and strong forces. This model describes all ordinary matter using
only a handful of fundamental particles: 6 quarks, 6 leptons, the force-carrying gauge
bosons, and the recently experimentally confirmed Higgs boson [1], 2], which gives intrinsic
mass to elementary particles via spontaneous symmetry breaking [3], 4] (Nobel Prize in
Physics 2013). The mass of composite objects such as hadrons is another topic. In nucleons,
i.e., protons and neutrons, the sum of the individual masses of the valence constituents
(3 quarks) contributes only 1% of the total mass. The majority of the remaining mass is
generated dynamically by virtue of the strong interaction. This highlights that hadrons
must have a rich internal structure worth studying and that the physics of the strong force
will play the leading role in its understanding. The accepted theory for the strong force is
called quantum chromodynamics (QCD), a non-Abelian gauge theory that describes the
interaction of quarks and gluons. Developed in the 1970s (see, e.g., [5HI]), this theory has
been highly successful over the years in describing a wide range of high energy physics
phenomena. So successful, in fact, that modern-day accelerator experiments can now use
high-precision theoretical QCD calculations as the firmly established background over
which searches for physics beyond the Standard Model can be conducted.
Experimentally it has been known that baryons are not point-like since the proton form
factor (FF) was first measured [I0] (Nobel Prize in Physics 1961). Ever since then, FFs
have played an important role in studying the internal structure of hadrons. Form factors
can be measured by probing a hadron with a virtual photon, usually in a scattering process
with a lepton, e.g., for a nucleon form factor: e N — e~ N. These FFs can be decomposed

into three major contributions [I1]. Schematically for the scattering amplitude we have
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(the leptonic side is not shown; double lines stand for nucleons, arrow lines for quarks,

wavy lines for photons, curly lines for gluons, and elliptical blobs represent nonperturbative

AN N

The first two are soft contributions, which are purely nonperturbative and cannot be

objects):

reduced any further. Unlike these, the third function factorizes [12], i.e., it can be written
as a convolution of a hard scattering kernel amidst two distribution amplitudes (DAs) [13],
thereby achieving a separation of short- and long-distance physics. The hard scattering
kernel describes how the extra momentum incurred from the scattering is distributed
among the quarks by gluons and it can be calculated in perturbation theory [14H16]. In
this picture we treat the hadron as a bundle of valence partons moving collinearly at
small transverse separations. Distribution amplitudes are nonperturbative objects that
represent the probability of finding the hadron in such a Fock state, with each parton
carrying a certain fraction of the hadron’s total momentum. The information encoded in
DAs is complementary to conventional parton distribution functions (PDFs), which can
be measured by fits to, e.g., deep inelastic scattering or Drell-Yan cross section data [17].
PDFs give the total probability to find a parton with the given momentum, regardless of
Fock state, and are described by the DGLAP equations [18-H20].

The factorizable contributions of DAs to FFs become dominant in the limit of very
high momentum transfer. At moderate energies which are easily accessible in accelerators,
however, soft contributions are most relevant. Given their nature they cannot be directly
factorized into DAs. Still, a connection between FFs and DAs can be established also in
this regime via light-cone sum rules. This method relates both objects to matrix elements
containing a hadronic and an electromagnetic current using perturbation theory, dispersion
integrals, and quark-hadron-duality. The DAs appearing in this expansion for the soft
contributions are the same ones that were used in the description of the hard contribution
given above. In general, DAs have the beautiful feature that they are universal, i.e., they
only depend on the particle but not on the process under consideration. Once determined,
they can be used to describe a multitude of other events involving the same hadron species.

Applications of distribution amplitudes are manifold. A standard mesonic example is
the pion DA involved in the theoretical description of the process yy* — 7¥ studied, e.g.,
at B-factories (cf. BaBar puzzle [21H23]). In the baryonic sector the nucleon DA is both

the simplest and the most important one, and has therefore received the most attention.



The link between nucleon form factors and nucleon distribution amplitudes [24, 25] allows
one to translate from present experimental observations to interesting nonperturbative
information on nucleon structure. It will continue to be essential also alongside future
experimental programs, e.g., precision nucleon form factor measurements planned for the
Jefferson Lab 12 GeV upgrade [26]. The connection between DAs and FFs is also very
interesting for the study of nucleon resonances such as N*(1535) [27, [28].

A natural extension of the study of nucleons is provided by the field of hyperon
physics, i.e., nucleon-like baryons containing strange quarks. Compared to nucleons,
current experimental data on the FFs of hyperons are scarce [29] since the unstable
nature of these particles makes it more difficult to study them. In the future, additional
possibilities to measure their form factors should emerge, e.g., using hyperons produced in
antiproton-proton collisions for PANDA at FAIR [30].

On the side of DAs, early attempts at generalizing the concept of DAs from nucleons
to hyperons have been made in [31) 32], but these did not attempt to provide a consistent
framework in which the DAs of nucleons and hyperons can be treated collectively. A
unified description of the baryon octet is required to enable the study of the effects of
SU(3) breaking on DAs; such a parametrization has been achieved recently [33, [34].

SU(3) symmetry and its breaking relate to several nontrivial aspects of hyperon physics.
The strangeness-changing radiative decay ¥+ — py is particularly noteworthy. Experi-
ments [35, 36] determined the so-called asymmetry parameter of this process to be relatively
large as well as negative. This came as a surprise since it had been predicted to vanish in
the exact SU(3) limit (cf. Hara’s theorem [37]), and the large magnitude contradicts the
usual expectation of mild SU(3) breaking effects. Interestingly, we will find in our final
results that symmetry breaking actually has major impact on the shape of hyperon DAs.

From the theoretical side, access to DAs is often gained in terms of their moments,
i.e., integrals over DAs weighted by powers of light-cone momentum fractions. There are
two main paths to these moments of DAs. One is to calculate the normalizations and
low moments via standard QCD sum rules [38] 39]. Another way to access the moments
is to calculate them from first principles using lattice QCD. These calculations are very
computer time intensive and require the development of advanced algorithms and the
power of supercomputers. The usual lattice approach to DAs involves the nonperturbative
evaluation of hadronic two-point matrix elements of local operators. Such lattice studies of
the pion [40-44] and nucleon [45-48] DAs have a long history. In our recent article [49] we
have universalized the lattice method for baryon DAs to include the full SU(3) octet, i.e.,
we treat not only nucleons but also hyperons, which have not been previously explored in
lattice QCD. In this thesis, several theoretical challenges that needed to be overcome for a

successful lattice calculation of SU(3) baryon DAs are addressed.
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A core issue is the topic of renormalization, which is a technique required to get
physically meaningful results. In general, the renormalization of moments of baryon DAs
is nontrivial since they can mix under renormalization. This is especially true when taking
into account the full SU(3) octet instead of just the nucleon, as doing so increases the
number of independent nonperturbative parameters that can take part in the mixing. To
better control the mixing under renormalization one can select operators in a suitable
basis. With a lattice calculation in mind it is essential to select operator multiplets that
transform under irreducible representations of the spinorial hypercubic group @, which
is the correct symmetry group for fermions on a 4-dimensional hypercubic lattice. This
method has been developed in [50H52] for the case of the nucleon DA. One of our goals
will be to improve this technique and make it suitable for a simultaneous treatment of
nucleon and hyperon DAs by further refining the choice of operators. We will achieve this
by taking into account not only the transformation behavior under H(4) but also that of
SU(3) particle multiplets.

Another matter which we will discuss are so-called renormalization schemes. In order
to embed our results into the context of other studies and to assure comparability it is
preferable to present them in the widely used MS (“MS-bar”) scheme. However, this
is a perturbative prescription that is not well suited for a direct implementation on the
lattice. To overcome this gap we will establish a two-step procedure. First, lattice data
will be renormalized nonperturbatively using a RI/SMOM scheme. This prescription can
be used both in nonperturbative and in perturbative calculations and is therefore suited
as an intermediate scheme. As a second step we will perform a calculation in continuum
perturbation theory to determine the conversion factors from RI/SMOM to MS.

The outline of the text is as follows: In the next chapter we will provide the foundations
on which the rest of the work is built. We will cover two major areas: quantum chromody-
namics, the theory describing the physics of the strong interaction, and group theory, which
offers mathematical insights into the concepts of symmetry. Chapter [3] then constitutes
the main part, where we will examine the central quantities, namely baryon distribution
amplitudes. After giving the relevant definitions we will discuss how to measure them
and construct suitable operators for this task. The renormalization behavior of these
operators will be treated in detail. In particular, we shall introduce two renormalization
schemes — a perturbative and a nonperturbative one — which can be combined to obtain
useful renormalized data from lattice simulations. In chapter [ we will proceed from theory
to practical applications and describe a framework for measurements of DAs on the lattice.
From such an analysis of lattice data we will obtain numerical results for the DAs of the
baryon octet and then discuss and illustrate the physical implications of our observations.

Finally, chapter 5] provides a short summary.

10



Chapter

Foundations

2.1. Quantum chromodynamics

Quantum chromodynamics is the theory of the strong interaction sector of the Standard
Model of particle physics. Introductions to QCD can be found in most standard textbooks
on quantum field theory, such as [53] [64]. It is a non-Abelian gauge theory with the gauge
group SU(3) formulated in terms of two kinds of fundamental fields. The fermionic fields
are called quarks and the bosonic fields are called gluons. We work in the Lagrangian
formulation of the theory, where the central object is the Lagrangian densityE}E]

f 1
< = Z [fg; (Z(W“)ang‘jb _ mf(]l4)a65ab)f/8b} _ ZF'U‘V’AFIA:},
!

= S[FGP —mp)f) — FARL. (2.1)
f

which contains the fields, their derivatives, and some parameters (coupling and masses).
In the first line we have written out all indices explicitly (with the implied summation
convention for all indices appearing twice), while in the second line we cast the QCD
Lagrangian into the familiar form where contracted color indices in the fundamental
representation (a,b) as well as Dirac indices (¢, ) are omitted and Feynman slash notation
(D = v D,,) is used to denote the scalar product between a four-vector and the gamma
matrices, which are discussed in appendix Furthermore, the Lagrangian is a local
object, and we have suppressed the position dependence of all its components in our

notation.

We will henceforth — in a commonly accepted abuse of nomenclature — simply refer to it as a Lagrangian.
2A perturbative approach to QCD will require additional terms in the Lagrangian, for the full expression

see eq. (2.11)).
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Chapter 2. Foundations

Table 2.1.: The six quark flavors f, their masses m; (from [58]) as well as their quantum
numbers: electric charge @, spin S, isotopic spin T, isospin z-component T3, strangeness S’
(cf. section , charmness C’ bottomness B’ and topness 7" All masses are in the
MS scheme, but due to the wide range of values, two different definitions are used. The
u, d, and s masses are current quark masses given at the scale y = 2 GeV, while the ¢, b,
and t masses are running quark masses given at the scale u = m¢, p = mp, and p = my,

respectively. See also the review “Quark masses” in [58].

flavor f my Q S T T3 S’ c’ B’ T
up u 22009 Mev 42 1 L

down d 4775 Mev -1 1 Ll

strange s 967F MeV = —2 1 1

charm c 1.271‘8:83 GeV —i—% % +1

bottom b 4.18f8:8§ GeV —% % 1

top t 160155 Gev  +2 3 +1

The first term of the Lagrangian contains the quark and antiquark fields, f and f.
The number of different types of quarks (called flavors) is not fixed by the theory. Exper-
iments have detected six quark flavors (named up, down, strange, charm, bottom, and
top [55), 56]), whose properties are collected in table . The possible existence of yet
undiscovered seventh and eighth flavors is excluded by current experimental data with
high confidence [57]. We use the same symbol both for the quark field itself as well as for
flavor labels, e.g., we have up quark fields v with mass m,. These fields are coupled to the

gluon fields Af} via a gauge-covariant derivative
Db =50, —ig(t*)®™ AL, (2.2)

where g parametrizes the strength of the coupling and ¢4 are the generating matrices for
the fundamental representation of SU(3), see appendix

The second term in eq. is the standard Yang—Mills Lagrangian [59], which encodes
the purely gluonic contributions. The gluon field strength tensor F ,ﬁ/ can be defined by

the commutator of two covariant derivatives,

ApA _ 1

tF, = E[DH,DV] : (2.3)
An explicit calculation yields its presentation in terms of gluon fields:

Fia, =0,A0) — 0,4 + gfABCAB AT (2.4)

12



2.1. Quantum chromodynamics

where fABC are the totally antisymmetric structure constants of SU(3). (Their definition
and their values can be found in appendix )

While the first two terms in eq. are analogous to the form of the photon field
strength tensor in quantum electrodynamics (QED), the last term has no counterpart in
the Abelian gauge theory. This term gives rise to the three- and four-gluon vertices that
characterize QCD as a non-Abelian gauge theory. The strength of both of these gluonic
self-interaction vertices is governed by the same parameter g that determines the coupling
of quarks to gluons, meaning that the whole theory has only a single dimensionless coupling
constant.

In principle, yet another term should be included in the Lagrangian, namely

—%eﬂ”ﬂ”FﬁFgg, 0<6<2r, (2.5)
which is required for a description of the topological structure of the QCD vacuum [60].
While the other terms in the Lagrangian respect CP symmetry (invariance under simul-
taneous charge conjugation and parity transformation), this so-called theta term would
break it (because the Levi-Civita pseudotensor é#**? acquires an extra minus sign under
CP transformation). CP violation is observed in weakly decaying particles [61] (Nobel
Prize in Physics 1980) and is a necessary ingredient for the matter-antimatter asymmetry
in Big Bang baryogenesis (cf. Sakharov conditions [62]). Yet, there is no experimental
evidence for any amount of CP violation originating from the strong interaction sector of
the Standard Model. Measurements of the neutron electric dipole moment constrain the
vacuum angle 6 to be extremely small [63]. The absence of strong CP violation with no
known reason can be seen as a fine-tuning problem (known as the strong CP problem [64]).
Since CP violation is not relevant for the topic of this thesis, we will not concern ourselves
with this any further and simply exclude the term by setting 8 = 0.

Both terms in the Lagrangian are individually gauge invariant under local (i.e.,

position-dependent) gauge transformations,

fl@) = Ulx) f (), (2.6a)
fl@) = f@)U'(2), . (2.6b)
tAAﬁ(x) — U(x)tAAﬁ(:U)UT(x) - é[@MU] (2)UT(2), (2.6¢)

with any SU(3)-valued function U(z). This establishes SU(3), the special unitary group of
degree 3, as the gauge group of QCD. For more information on SU(3) see section .
For infinitesimal transformations it is justified to expand the exponential parametrization
of SU(3) given by U(x) = exp(—ietAQA(x)), cf. eq. (2.64)), and linearize in the infinitesimal

13



Chapter 2. Foundations

real number e, writing the local gauge transformation with eight real parameters 64 (x):

flx) = f(x) — ie@A(x)tAf(aj) , (2.7a)
f(:n) — f(m) + ieGA(;E)f(x)tA, (2.7b)
AM (@) = A (@) + ef P08 () AG () — g[auef‘] (z). (2.7¢)

In the functional approach to quantum field theory one formally defines vacuum
expectation values via the Feynman path integral, similarly to the path integral formulation
of quantum mechanics (which itself is a generalization of the classical principle of stationary
action). For an operator O, which is a time-ordered product of fields, we have

_ JDgDgPA 52 0[q, g, A]

<0‘O’0> - fDqDQDA eiS[q,tf,A} ) (28)

where an action S is defined as a position integral over the Lagrangian,

S = /d4x$(az), (2.9)

and the functional integration measures prefixed with D symbolize integrating each com-
ponent of the fields at each spacetime position over all values, see also eq. later on.
The expression is normalized so that (0/0) = 1.

Since the Lagrangian is fully gauge invariant, the action takes the same value
for all field configurations that are related by a local SU(3) gauge transformation (as
defined in eq. ) This amounts to an overcounting of infinitely many equivalent field
configurations for every single unique physical state since the functional integration runs
over each and every field configuration. As a result, the path integral is divergent and it is
not possible to evaluate it in its present form.

The solution is to impose a gauge-fixing condition and factor out the integration over all
physically equivalent field configurations, ensuring that there is only a single contribution
from each physically distinct orbit of configurations. This is usually accomplished by the
Faddeev—Popov method [65], which involves some clever manipulation of the path integral
that will not be repeated here. After some algebra, one finds that the vacuum expectation

value of O can be calculated via

(0/0[0)  { PAPIPADY D ¥lad-An10[g, g, 4] 210
[DgDgDADnDi) eSla:a.Am:] ’ :

using a modified Lagrangian
5 I . 1 " _
L= [fip—my)f] - i AFRS, — i(amf}) (0"Ap) —o"DjPnP . (2.11)
f

14



2.1. Quantum chromodynamics

The first new term (called gauge-fixing term) establishes a family of linear covariant
gauges with a gauge parameter & E| This is a generalization of the classical Lorenz gauge
condition for the electromagnetic four-potential (0#A4,, = 0). For operators which are gauge
invariant, the vacuum expectation values cannot depend on the gauge parameter. In such
cases one may therefore decide to perform any calculation only for one particular value of &
that suits ones purpose. Popular choices are Feynman gauge (£ = 1, used in perturbative
calculations because it makes the gluon propagator, eq. , take its most simple form)
and Landau gauge (£ — 0, can be implemented in lattice simulations, see eq. )

The other new term (called gauge-compensating term) contains new massless fields,
n? and 7. They are GraBmann-valued (i.e., anticommuting) complex scalar (spin 0) fields
and as such they violate the spin-statistics theorem [66]. Therefore, these aptly named ghost
fields cannot correspond to physical particles. However, their inclusion in the Lagrangian
actually cancels other unphysical contributions stemming from the (longitudinal) gluonic
sector, allowing for a diagrammatic (perturbative) treatment of QCD. The ghost fields
couple to gluons via

D;\P =570, —ig(t9) P A]

= 6489, — gf1PCAT (2.12)

i.e., they carry color indices in the adjoint representation of SU(3). Every diagram
containing an internal gluon loop (coupled to the rest of the diagram only via three-gluon
vertices) has to be accompanied by an analogous diagram containing an internal ghost loop
(coupled via ghost-gluon vertices) in order to get a correct physical result. The requirement
for a proper treatment of ghost fields is specific to non-Abelian gauge theories. For Abelian
gauge groups these fields would completely decouple from the gauge bosons since the
adjoint representation is trivial in such cases.

Due to the newly added terms, the full Lagrangian is no longer SU(3) gauge invari-
ant. Yet, the action still enjoys another type of symmetry, namely BRST invariance [67, [68],

corresponding to the transformation (with an infinitesimal Gramann number e):

@) = f(z) — ien® @)t f(2), (2.13a)
F@) = F(x) + ien (@) f(x)t?, (2.13D)
Ail(x) = AL(@) + ef PP () AS (2) — S0, (@), (2.13¢)
0 (@) = 0’ @) + 5P @ (@), (2.13d)
7 (z) — 7 (z) + é [0#A%] () (2.13¢)

3There are many other methods for the gauge fixing (such as the Coulomb, axial and light-cone gauges)
which will not be discussed here.
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Chapter 2. Foundations

BRST symmetry is a generalization of non-Abelian gauge symmetry. Comparing the effect
of the BRST transformation on the quark and gluon fields, egs. , to a gauge
transformation, eqgs. , it becomes clear that for the physical fields the BRST transfor-
mation acts exactly like a gauge transformation, but now with the eight ghost fields nA(x)
playing a role analogous to the parameters 4 (z). Therefore, any gauge-invariant operator
is automatically BRST invariant. In general, the BRST formalism is a mathematical
approach to the quantization of gauge field theories, and BRST-quantizable theories are
guaranteed to have some very useful properties. Without going into further detail we
simply state that the BRST symmetry of QCD ensures both unitarity and renormalizability
of the theory to all orders.

The QCD Lagrangian is just a single, concise, seemingly simple formula that should tell
us everything there is to know about the strong interaction. Yet, solving QCD completely
turns out to be an extremely hard (or rather, impossible) task. In practice, most calculations
in quantum chromodynamics have to be done using some simplifications, models, numerical
approximations, etc. In the following sections we will introduce two such methods, namely
perturbative QCD in section and lattice QCD in section For our study of baryon
distribution amplitudes both methods are relevant and need to be combined to obtain the
final results. Lattice QCD is used to calculate the raw data and to renormalize them in a
RI/SMOM scheme, while perturbative QCD is used to convert to a MS renormalization

scheme.

2.1.1. Perturbative QCD

To tackle the QCD path integral we will need some approach to reduce the complexity of the
problem. One such approach is QCD perturbation theory, wherein we treat the interacting
(g-dependent) part of the action as a perturbation to the free (g-independent) part. In
this section we will present only a brief discussion of some basic principles of perturbative
QCD. For an extensive treatment of perturbative methods in QCD, their justification, the
many processes they can be applied to, and their connection to experiments see [69].

Let us now decompose the action .S into the free part Sg.e and the interacting part Sin

by defining

S = Stee + Sint » with Spee = lim S, (2.14)
g—0

and let us, as a starting point, study the free theory without any interactions. First, we
need to identify the free propagators, the knowledge of which will turn out to be essential

for perturbative QCD. We define the propagators as Green’s functions of the differential
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2.1. Quantum chromodynamics

operators appearing in field bilinears in the free action, i.e., as solutions ofE|

8 (id, — ms14)a5SFs, (& — y) = i6* (& — 1)5* (1) gy (2.15a)
048 (g"(0,)* — (1 — € MDLay) DY (v — y) = id* (x — y)6* g}, (2.15b)
—648(8,)2GBC (z — y) = i6*(x — y)04© . (2.15¢)

The best approach to these differential equations is a Fourier transformation to momentum
space. Solutions are the so-called Feynman propagators for the quark, gluon, and ghost
fields,

d4p (p+mf]l4)a5 .
ab - cab —ip*(z—y)
T—1vy) =10 p
vaaﬁ( y) =i /(277)4 p? — m% + 1€ €

. d4p 1 DuPy i (—
D =) = =0 [t (- = B e e o

, (2.16a)

GAB(x —y) = i64B / dp 1 e~ (@) (2.16¢)

(2m)4 p? + ie ’ '
where an infinitesimal positive number € appears in the denominator, specifying a prescrip-
tion to slightly shift the poles of the integrand away from the integration region. Often
the ie will not be written down explicitly.

We define a generating functional

[ DgDGDADYDij eiSiee =17

211 = [DgDgDADnD) eiStree (2.17)
where J contains source terms (f, A, n) for each field type (f, A, n):
7= [ate (S lfe@ o) + S lwee)
! f
+ AP () Ay () + 1 (@) (@) + HA(SU)TZA(%)> : (2.18)

This allows us to obtain vacuum expectation values (cf. eq. (2.10))) by first applying
functional derivatives (with respect to the source fields) to the generating functional and

setting all source terms to zero afterward. For example,

0 0

Ay AB -
(O T A, () A, (1)I0) = AA(2) 5 A (y)

(2.19)

ff[J]]

J=0"

The beauty of the generating functional formalism is that once we know the full form

of Z[J], we have basically solved the whole system. Any vacuum expectation value in the

4Without the gauge-fixing term in the full Lagrangian (2.11)) we would be unable to define the free gluon
propagator, as eq. (2.15b|) would have no solution.
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free theory can then be calculated by the derivative method described above. To calculate
the generating functional, eq. (2.17)), we perform the following transformation inside the

numerator integral:

3(0) = J2@) + [ dySphae - u)1bw). (2.200)
Fota) > o)+ [ay7hw)Sfhay ~ o). (2.200)
Ad(z) — ANz) + / dhy DAP(z — ) A"B(y) (2.20¢)
1@ @)+ [aly 61w - ). (2.200)
@) = @)+ [dy i )E A - ). (2.20¢)

Since this is simply a shift in all integration variables, the path integral measures remain
unchanged. Performing further simplifications of the expression by using the defining
equations shows that this transformation amounts to completing the squares in
those multi-dimensional Gaufiian integrals. Thereby, the fields and their source terms
are separated in the exponent such that the integral involving the free action drops out

completely, leaving us with the result:

Z[J) = exp / d'zdy (Z [fa(@)Sfep(x —y)f(y)] + %A" @)D (z — y) AP (y)
7

() GAP (x — y>nB<y>) | (2.21)

It is now straightforward to evaluate the vacuum expectation values that involve just two
fields,

(OI'T f4(x) f()10) = Sf% sz —y) (2.22a)
(0] T A (2)AJ (y)]0) = D P (z — y) (2.22b)
O Tn*(x)7” (W)|0) = G*P(z — ), (2.22¢)

confirming that the two-point functions are — as should be expected — given by the
propagators.

What about products involving more than two fields? In principle one could now
evaluate all of them explicitly using the derivative method. This possibly tedious process
is eased greatly by Wick’s theorem [70)], which states that the vacuum expectation value
of a time-ordered product of any number of fields is given by the sum over all possible
contractions of two fields. Each contraction (indicated by a line connecting the two fields)

results in a propagator. Products which cannot be fully contracted (such as those involving
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2.1. Quantum chromodynamics

an odd number of fields of any type) give zeroﬂ The whole procedure is probably best

illustrated by an example:

(O] T far (xl)fbi (y1)fas ($2)sz (y2)]0) =

= F8 @) 5 () £22 (2) F2 (y2) + fo (w0) £ (un) £&2 (2) £ (w2)
b b b b
= Sens (1 = y1)S5 80, (v2 — ya2) = Spo s, (v1 —42) S50 5, (v2 —w1) . (2.23)

(The negative sign of the second term in the third line is due to fermion anticommutativity.)

Having an understanding of how to treat the free theory we now move on to incorporating
the full interacting action as well. Using eq. we can rewrite the exponential function
in the path integral adf]

ezS _ ez(Sfree+Slnt) — e’lereeelslnt _ eZSfree <1 + St + E(Zsinty 4. > ) (2.24)

The idea behind perturbation theory is to treat this as an expansion in the gauge coupling g
and to truncate the series at a certain order, e.g., neglect all terms starting from O(g3).
If g is small enough (see below), results obtained using the truncated series should provide
a reasonable approximation of the true values.

By means of this expansion a calculation in perturbation theory can be carried out by
evaluating vacuum expectation values just like in the free theory, with the only difference
being the extra powers of Siy, which translate to additional fields in the product. This is
not a problem in principle, as we know how to handle arbitrarily many fields. In practice
however, we are forced to stop at some order as calculations can quickly become unfeasable.
The perturbative calculations in this work are all done at next-to-leading order (NLO),
i.e., including all terms of O(g?).

Now let us finally turn to the question whether g can be considered small, and with it
whether perturbation theory is a valid approach at all. For this discussion let us define the

strong coupling
as = 2. (2.25)
This definition is similar to the fine structure constant o = e?/(4meg), which governs

the strength of the electromagnetic interaction. The (renormalized) coupling ay is not a

constant, instead it is a function of the renormalization scale y. For any physical process

® According to Wick’s theorem they result in terms involving normal-ordered operators. Such normal-
ordered products always have vanishing vacuum expectation values.

5The second step is allowed because the anticommuting fields appear in the action only as bilinear
combinations, meaning that individual terms of the action commute with each other.

19



Chapter 2. Foundations
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Figure 2.1.: Summary of measurements of a; as a function of the energy scale ). The
world average value is customarily quoted at a scale equal to the mass of the neutral gauge
boson of the weak interaction (Z boson), mz =~ 91.19 GeV. (Figure taken from [58]; used

with permission.)

the coupling is dependent on the energy scale () at which this process is measuredﬂ with
the value a,(u? = Q?) being a measure for the strength of the interaction. The running

of ay (i.e., its scale dependence) is given by the QCD beta function

dog 2 a?
Blovs) = p? Gz (11 - 3nf> y O(a?), (2.26)

where ny is the number of flavors that can be considered light at the given scale (i.e.,
the number of flavors for which m; < p). The calculation of the beta function (which
is currently known to five-loop accuracy [71], i.e., eq. (2.26) is known including all terms
of O(af)) and the determination of ay itself (which is averaged from many different
experiments as well as lattice studies to obtain an overall uncertainty of less than 1%)
are among the main achievements of high-precision QCD. The results are summarized in
fig. see review 9.4 in [58] for more information.

The leading contribution to the QCD beta function is negative (as long as
ny < 16, which is true in the real world), which indicates that this gauge theory has an
interesting property called asymptotic freedom (discovered in 1973 [6 [7], awarded with the
Nobel Prize in Physics 2004). As the energy scale becomes larger (corresponding to shorter

distances), the coupling strength is ever decreasing such that for asymptotically large

"E.g., consider a high-energy scattering event with a large space-like momentum transfer vector g. The
relevant energy scale of this process would be Q = /—¢2.
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2.1. Quantum chromodynamics

energies the quarks can be treated as almost free particles. On the other hand, the coupling
actually starts to diverge when the energy scale becomes small. By solving the one-loop

beta function (a first order differential equation) we find the one-loop approximation

A7
O (NQ) =

- _2 2\’
(11 3”f)ln(Ang>

with u = Aqep marking the point of divergence. This process of dimensional transmu-

(2.27)

tation — i.e., a new scale (dimensionful quantity) appearing due to the renormalization
group behavior in a theory with a dimensionless coupling — happens even in massless QCD
where the Lagrangian is fully scale invariant, meaning that the conformal invariance of the
classical theory is broken by quantum corrections. The exact value of the QCD scale Aqcp
depends on various factors, such as the loop order used in the beta function and (starting
from three loops) the renormalization scheme, but usually it is of O(200 MeV).

At scales ;1 < Aqcp the perturbative approach to QCD is obviously not valid, while at
very large scales (such as those given by the momentum transfers reachable in collider exper-
iments) the coupling becomes small and perturbation theory should work very well. For our
calculation of hadron distribution amplitudes we work between these two extreme regimes,
setting the renormalization scale to a typical hadronic scale 1 = 2GeV > Aqcp (so that
we are working in the same order of magnitude as, e.g., the proton mass m, ~ 0.938 GeV),

where perturbative calculations are justified.

2.1.2. Lattice QCD

Lattice QCD is a nonperturbative method for QCD calculations from first principles based
on discretized Euclidean spacetime and numerical integration. Invented in the 1970s [72],
lattice QCD is now a well-established tool in particle physics, harnessing the power of high-
performance computing to provide data for a wide range of QCD observables. The method
has enjoyed a lot of success in producing results that are in agreement with experiments,
e.g., by calculating the hadronic spectrum [73], but it can also be applied to quantities
that cannot be determined directly in experiments, such as the moments of distribution
amplitudes that we consider in this work. In the following we will give a brief overview
regarding some concepts of lattice QCD; for more information see textbooks such as [74].
The definition of the path integral is somewhat heuristic and in the present form it is
not immediately suited for direct numerical computation. For example, the integration

measure
Dg = [[[]d[#5)] (2.28)

bB.f @

is a product encompassing all field components and all locations. While the former is well
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defined (there are only 3 values for the color index b, 4 Dirac components 3, and 6 quark
flavors f), the latter is an uncountably infinite formal product over all points z of the
continuous 4-dimensional space.

We can start to regularize this infinity by discretizing the spacetime continuum as a
hypercubic lattice of discrete spacetime points, with all neighboring lattice sites separated
by a lattice spacing a. This procedure reduces the product in eq. to a countably
infinite one. Furthermore, if we were to give up the notion of infinitely extending physical
space and instead are content with examining only a bounded hypercuboidic “box” of
spacetime, we are left with a finite number of integration variables. Working with a finite
volume is often justified, as we are usually not interested in the behavior of QCD at very
long distances. Interesting strong interaction physics processes can take place on length
scales of the proton radius, i.e., shorter than a femtometer. Still, it is desirable to have
reasonably large lattice volumes to limit the influence of finite size effects. In this study we
will work with spatial extents of at least 2.7 fm.

Many different numerical methods can be applied to the evaluation of multi-dimensional
integrals, but often the computational effort grows exponentially with the dimensionality
of the integration. Even though our number of variables is now finite, it is still very large
(even for small lattices), making such approaches unfeasable. A class of methods that
is suited for these higher-dimensional integrals are the so-called Monte Carlo methods,
which try to approximate the integral by sampling the integrand at many points that
are selected randomly according to some probability distribution. To be more specific,
modern lattice ensembles are generated using the Hybrid Monte Carlo algorithm [75]. This
is an importance sampling technique, meaning that each field configuration is assigned a
weight factor to judge the relevance of its contribution to the integral, ensuring that the
most important regions of the integration domain are sampled more often and that little
computer time is spent sampling configurations that have not much impact on the result.

This brings us to another important property of lattice QCD, namely the use of
Euclidean spacetime. In the Minkowski path integral in eq. the action enters as a
complex phase factor, making the integrand highly oscillatory. This undesirable behavior
can be circumvented by a change to Euclidean spacetime with a positive-definite metric,
which is accomplished by replacing the time coordinate 20 — —ixy, cf. also appendix
By virtue of transforming the action from Minkowski space (M) to Euclidean space (E),

the complex phase factor becomes a real weight factor,
My =58 (2.29)

assuming a meaning very similar to the Boltzmann factor e #¥ in the canonical partition

function of statistical physics. It is this interpretation as a probability distribution that
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2.1. Quantum chromodynamics

allows the importance sampling method described above to be applied to the calculationﬁ
The Minkowski correlation functions of interest can be obtained as the analytic continuation
of the corresponding Euclidean functions [76, [77].

Let us now take a closer look at the lattice QCD action. Naively one would start with
the continuum action, restrict the fields to the lattice sites, replace the integral by a sum,
and replace derivatives by difference quotients. This procedure, however, destroys gauge
invariance. Instead one starts by defining a new action for a Euclidean field theory on the
lattice that tends to the correct gauge-invariant continuum action in the limit of vanishing
lattice spacing a. This approach is not unique. There exists a multitude of different lattice
actions, each with its own set of advantages and disadvantages. To be instructive we only
present one simple case (called the Wilson action [72]) that provided the starting point for

many modern lattice actions:

- x 4+ p) = Uz —p,p) flz—p
52@4zzf(93)<27uw 1) f( +u)2aU( fu 1) £ u)+mff(x)>
r f o

+ 922 > > Retr{lly — U, p)U(x + o, )U (& + 0, ) U (2, )1} . (2.30)

r pu<v

The derivative acting on the fermions has indeed been implemented as a type of difference
quotientﬂ In contrast, the realization of the gauge fields has changed drastically. Instead of
algebra-valued fields tAA;j‘(x) one now has group-valued fields U (x, ) = exp (igatAAﬁ(x)) H
Their behavior under SU(3) gauge transformations U(x),

Uz, 1) — U@)U(z, 1)Uz + @) + O(a), (2.31)

ensures gauge invariance for the fermionic part of the action by operating as a gauge
transporter. This geometric aspect of U(x, 1) as an oriented variable linking the sites x
and x + i motivates its name, link variable.

The gluonic part of the action has to be constructed from gauge-invariant objects
containing link variables only. It is easy to see that this can be accomplished by taking the

trace of any closed loop of links. (Taking the real part effectively averages each loop with

8 Actually, the situation is not that simple. Due to their GraBmannian nature the fermion field variables
in the lattice QCD partition function have to be integrated out first, resulting in a so-called fermion
determinant. A probabilistic interpretation is only straightforward if this determinant is guaranteed to
be real and non-negative. Whether or not this is the case depends on the specific choice of lattice action.
For more information see [74].

9 is defined as a vector of length a, pointing in p-direction. Thus the lattice sites 4+ i and = — ji are
nearest neighbors of the site x.

10This is not just a change of notation. In the lattice formulation the new fields U(z, ) are now the
fundamental degrees of freedom. Hence, in a lattice path integral one has an integration measure DU,
not DA.
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another loop running in the opposite direction.) For the Wilson gauge action one takes the
sum over all of the shortest possible loops (squares consisting of just 4 link variables), called
plaquettesﬂ An explicit calculation can be performed to show that this form correctly
reproduces a gauge-invariant Euclidean continuum QCD action in the limit a — 0.

Lattice studies are not restricted to simulating QCD with all its parameters at the
physical values. In fact, simulations are usually done with light quark masses larger than
the physical ones since the computational cost increases as the mass parameters become
smaller. To connect these simulations to the real world one can use chiral perturbation
theory (ChPT) [79], as described in section

Now for a few words on gauge fixing in lattice QCD. Unlike continuum perturbation
theory (where it is imperative to have a gauge-fixing term in order to make the path integral
manageable), lattice QCD can be performed without gauge fixing because the lattice acts as
an automatic regulator for the path integral. Therefore, gauge-independent observables can
be calculated without further complications. In our case the situation is not that simple, as
the lattice renormalization factors for the distribution amplitudes will have to be calculated
from gauge-dependent vertices, meaning that these lattices will have to be gauge fixed
as well. For our application we require a gauge that can be implemented in perturbative
QCD as well as in lattice simulations. Regrettably, the perturbative physicist’s favorite
gauge — Feynman gauge — is not well suited for lattice use, see [80]. Even though lattice
implementations of Feynman gauge are being developed, not all problems are yet under
control [81]. We therefore settle for the use of Landau gauge. Its lattice implementation is
well established, but in exchange the perturbative side of our calculation will become a bit
harder because more complicated integrals will have to be evaluated.

The lattice analog of the continuum Landau gauge condition GﬂAl‘j = 0 is not imple-
mented via a gauge-fixing term in the Lagrangian, but as a numerical extremalization
problemE To begin with, one generates a gauge configuration U (x, 1) without restrictions.

Then one tries to maximize

ZZRetr{ﬁ(az)U(m,u)U(m+,a)T} (2.32)

as a functional of SU(3) matrices U(z). Such a procedure as well as the details of the
accompanying algorithms used to search for the global maximum are, e.g., presented in [84].
In the end, one uses the resulting U(x) to gauge transform the link variables U (x, 11), which

will then fulfill the Landau gauge condition up to corrections of O(a?) [S5].

"Tmproved lattice actions will also incorporate other kinds of loops, such as larger rectangles [78].

12 A nonperturbative implementation of a gauge-fixed BRST-invariant Lagrangian (analogous to eq. (2.11)),
which is used in perturbation theory) is not straightforward. Associated topics such as Gribov copies [82]
and the Neuberger 0/0 problem [83] will not be discussed here.
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2.1.3. Regularization

Calculations in quantum field theory often yield divergent results that need to be regularized,
i.e., made finite. One approach to this is putting the theory on a lattice as discussed above.
In this section we will instead look at it from the perspective of perturbative QCD and
perform an example computation while illustrating the need for regularization and the
general principles of such perturbative calculations as we proceed.

Let us try to determine the one-loop correction to the fermion propagator. For simplicity
we will perform this exercise in massless Feynman-gauge QCD, so that (in momentum

space) the propagation of quarks and gluons at tree level is governed by these simple

expressions:
- = S%(p) = wab?if : (2.33a)
p p
~ . Guv
mﬁ%ﬁm = DiP(p) =—is"P p% . (2.33b)

And for the interaction vertex we have:

j_ = ig(tM) (1) ap - (2.33¢)

The first order radiative correction to the fermion propagator is due to the emission and

reabsorption of a single gluon:

-

p—q

We have to calculate the corresponding fermion self-energy,

a d4q . aa’ a'b! i / v
2 (p) = / @) ig (tM) Y () qer X SZ (0 — @) % ig(t7)"°(v") g3 x DiaE(q)

dig (p—q)
2m)4 ¢%(p — q)?”’

4
= _3926@(’7“71/7“)&6/( (2.34)

where the integration variable ¢ is the momentum of the virtual gluon. By analyzing the

integral in the region of very large ¢ we find that it behaves like

d4 v
[ (25

meaning that the integral is divergent there because the integrand does not fall off fast

enough. To be able to evaluate the integral we need to make it finite by introducing
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some form of regulator. To this end, various prescriptions are available, e.g., Pauli—Villars
regularization or a simple momentum cutoff. For the perturbative calculations done in this
work we use only one procedure, namely dimensional regularization [86, [87].

The integrand ¢“/q* leads to an ultraviolet (UV) divergence in the 4-dimensional
integration. However, if we were to perform this integration in a spacetime with a different
number of dimensions, then this divergence need not necessarily appear. If the number of
dimensions becomes small enough, then the UV divergence will indeed disappear. This
motivates dimensional regularization, where we calculate the integral using d-dimensional
integration (for an arbitrary, in general noninteger, number d). This elegant procedure will
make it easy to identify the divergences and the associated renormalization scheme (the
MS scheme, see section is straightforward to implement. Dimensional regularization
also has many advantages compared to other regularization prescriptions. Compared to
Pauli—Villars, it does not require auxiliary massive fields, and unlike a momentum cutoff it
keeps Lorentz invariance intact. Furthermore, dimensional regularization can also regularize
infrared divergences (i.e., those stemming from the region of very small momenta) without
the need for a fictitious gluon mass.

Knowing that the integration converges in some region of d, we can continue the result
from there and find it to be a meromorphic function of d with an isolated singularity
for d — 4. It is convenient to parametrize the dimension as d = 4 — 2¢, with € acting as the
regulator. The Laurent expansion around € = 0 of a full result at n-loop order may then
exhibit poles up to the type 1/€", allowing us to disentangle the finite and divergent parts
of the integral at the physical dimension. It is the responsibility of the renormalization
scheme to cancel these poles, so that a finite result can be obtained after removing the
regulator by taking the limit ¢ — 0.

For the integral in eq. , dimensional regularization amounts to the replacement

/ d'¢ (p—q)” ng/ g (p—q)” (2.36)
(2m)* ¢*(p — q)? 2m)? ¢*(p — q)*

To keep the dimension of the whole expression unchanged we introduce a new energy

scale u, raised to the appropriate power to absorb the change in dimension. This scale of
dimensional regularization is, for the time being, an arbitrary constant that will later be
identified with the renormalization scale (see below).

Even though the way in which the scale is introduced in dimensional regularization
may seem somewhat unintuitive, the fact that such a scale parameter does appear at all
should not come as a surprise. Other methods for regularizing the UV divergences of QCD
introduce a scale as well, but may have a more immediately evident interpretation for the
parameter, such as the maximal momentum in cutoff regularization or the inverse lattice

spacing in the lattice regularization.
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We still have not provided an answer to the question of how to actually obtain results
for the dimensionally regularized loop integrals such as the one in eq. . The general
strategy for this consists of two parts. First, one examines the Lorentz structure of the
numerator and performs a tensor decomposition, i.e., one writes down a sum of all Lorentz
tensors (with the same number of open indices as in the numerator) that can be constructed
from the available structures such as four-vectors of external momenta or (starting from
two open indices) the metric tensor. Each tensor in this decomposition is accompanied by a
(currently unknown) prefactor of its own. These prefactors have to be Lorentz scalars and
may therefore only depend on Lorentz-invariant quantities, e.g., on four-momenta squared.
Having performed the tensor decomposition, the problem can now be reformulated in a
way that requires only the determination of scalar integrals [88].

In our example we have only one open Lorentz index, v, and one external momentum, p.
From this we can deduce that the tensor decomposition consists of only one term. The

result has to be proportional to the four-vector p* with a p?-dependent prefactor:

e [d% (-9 5,
/(27T)d ?(p—q)? 17" (2.57)

By contracting the open index with p, we find

a4 :
1067 = / (27:;6[ p];q?((i 2 / 2(p— Q) (2.38)

thereby reformulating the problem in terms of a scalar integral.

The second step is the calculation of said scalar integrals. In general, one can proceed
as follows: Combine the propagator denominators by introducing an auxiliary integration
variable a (called a Feynman parameter), complete the square in the new denominator
by shifting the momentum integration, apply a Wick rotation to the integration contour
and move to d-dimensional Euclidean space ([ dlq — i / d%g, ¢ — —q%), perform the
momentum integration in d-dimensional spherical coordinates, and finally integrate out

the Feynman parameter. In our example:

% ddq 1
/(27r)d 2p—q)?

dd 1 do
27)d /0 [(1—a)q + ap — )2

*J @

- / do‘/ q+a<11—a>p212
/ E
[

1
ol — a)p?)?
dd 1Q/ dlge] lqp|*!
o lael?—a(l—a)p?

2

\\
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i / T (4;752)6
_ire o p? ) .

(4m)2 T'(2 — 2e¢) 472
with the gamma function,
[e.e]
I'(z) = / dtt*"le™t, (2.40)
0
and the (d — 1)-dimensional surface area of the unit sphere in d dimensions,
o7s
o= T 2.41
[0 = 240

In general, one may need to compute many different loop integrals, even when working at
one-loop order. Fortunately, this tedious task is simplified somewhat thanks to the existence
of certain recurrence relations between the scalar integrals. A systematic application of
these relations makes it possible to rewrite complicated integrals as linear combinations
involving only a small set of fundamental integrals. Such a reduction method is described
in [89] and we make use of it in all our calculations.

Let us now try to put it all together and formulate the dimensionally regularized result
for the self-energy defined in eq. . We have to be careful though, because in addition
to the integrals other parts of the theory have to be promoted to d dimensions as well. For

the Dirac matrices we now have y#v, = d1, instead of 414, such that

'YM'YV'YM = _2(1 - 6)'71/ . (2-42)
With that we obtain the final result:
, I(1—e'(2—¢) —p?\ ¢
2 (p) = 169 LS r : 9.43
ap(p) =1 3 T'(2—2e) () 42 Pas ( )

As stated above, this calculation has been performed in Feynman gauge (i.e., for £ = 1) to
keep it as short as possible. A calculation using the full gauge-dependent gluon propagator
gives the following result for arbitrary &:

Ol —€ —€ —p2\ "€
s e ] ey I 2.41)

We leave it as an exercise for the interested reader to verify this result.
An important quantity in perturbative calculations is the dressed quark propagator,

i.e., the tree-level propagator plus the radiative corrections:

A
3 A
3
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Using the result from the previous calculation we can write in dimensional regularization:

Sg%(p) _ [Sfree + SfreeZSfree]g%(p) + O(Oz?)

s —€ —€ —p?\ ¢
_ iaa“”;f (1 _ fg?mr(lm)_r(;) J1(e) (4;;2) > +0®2).  (2.45)

Still, this expression is divergent in the limit ¢ — 0, i.e., when going to the physical
dimension d = 4. To isolate the divergent contribution we perform a Laurent series

expansion around € = 0. We obtain

5 (p) = iaab’;'f <1 3 C —y 4 In(4n) + 1+ ln<_:;2>>> +0(e,07),  (2.46)

with the Euler—-Mascheroni constant -y, which is defined as the negative derivative of the

gamma function evaluated at 1:

e—0\ €

= —T'(1) = lim (1 - F(e)) ~ 057722 (2.47)

2.1.4. Renormalization

A way to cure the 1/e divergence evident in eq. would be to include, by hand, another
term in the Lagrangian. Such a term would need to be designed so as to counterbalance the
pole in the perturbative calculation, leading to a theory where the result is finite. A priori
it is yet unclear whether this procedure will bring forth a well-defined theory at all. Given
that there are both infinitely many divergent Green’s functions and infinitely many orders
in perturbation theory, it may well be possible that one would have to add an infinite
number of different counterterms to the Lagrangian if one wants to make all those Green’s
functions finite.

A theory where this happens would acquire an infinite number of parameters (the
prefactors of those counterterms) and thus might lose its predictive power. Such theories
are called nonrenormalizableﬂ Fortunately, QCD is indeed renormalizable [87]: There
is only a finite number of structures that are required as counterterms. Aside from their
prefactors, they are identical to the operators appearing in the original Lagrangian. The
small handful of counterterm structures appearing at the one-loop order is sufficient to

enable cancelation of divergences to all orders in perturbation theory. Armed with this

13While this shows that renormalizability is obviously a very desirable property, it does not mean that
nonrenormalizable theories are worthless. Chiral perturbation theory, for example, is in general nonrenor-
malizable, but thanks to the power counting theorem [79] the number of counterterms needed at each
chiral order is finite and the theory can be used to predict the behavior of observables in the low-energy
regime of QCD.
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knowledge we can proceed to illustrate the renormalization of QCD in an instructive
manner where the counterterms in the Lagrangian arise naturally.

The formulation is based on the fact that the fields and parameters appearing in the
QCD Lagrangian are not observable quantities. We can utilize this to rescale the fields in
a way that absorbs the divergence into the unrenormalized (bare) fields. Let us define the

renormalized quark fields[']

=V, = /Z,f, (2.48a-b)

with an as yet undetermined quark field renormalization factor Z,. It is our goal to fix this
factor such that Green’s functions of the renormalized fields are finite (even after removing
the regulator, e — 0), thanks to the divergent parts of the Z-factor exactly canceling the
divergent parts of the bare diagram.

Rewriting the fermionic part of the massless Lagrangian in terms of the renormalized
fields we find

SOFipf) =Y [fRpfR + (2,0 - 1)) [fRip . (2.49)
7 7 7

We have organized the expressions such that the first term mimics the form of the original
Lagrangian, but is now built from the renormalized (finite) fields. The divergent parts are
contained in the second term, which serves as a counterterm. Having the same structure,
this part looks as if it could give rise to another kinetic term. However, the prefactor
Z; 1 —1 will be of O(«) in the perturbative expansion (as reflected in (2.54a))), meaning
that this term will contribute only to the interaction part of the Lagrangian, effectively

leading to a new quark-antiquark counterterm vertex,
—®— = i(Z;'—1)6"ag, (2.50)

that has to be taken into account in renormalized perturbation theory.

In a calculation of the renormalized quark propagator to an accuracy of O(as), the
counterterm contributes only via a tree diagram (and not inside loops, as such contributions
would already be of O(a?)),

q

- 4 —.—QRQ——— - - - - + O(a?),
p p p p p—4q p

MFor the sake of our example we focus on just the quark fields. Generally, the gluon and ghost fields and
the parameters such as the gauge coupling and the quark masses have to be renormalized as well.
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2.1. Quantum chromodynamics

thus leading to

[ST)a5(p) = Z4Sap(p) = (2.51)
1% M2
= id“bp;f (1 - (z;'-1) - 53—; (1 — v+ In(4r)+1+ hI(M];))) +0(a?).

For the renormalized propagator to be finite, the renormalization factor Z, will have to be
chosen such that it cancels the 1/e pole. And while this condition fixes the divergent part
of Z,, it does not constrain the finite part, meaning that we are left with some freedom of
choice.

Prescriptions that set the finite part are called renormalization schemes. In principle,
various schemes are feasible, but depending on the situation one scheme may be preferred
over others. In the QCD community a number of schemes are in common use and these
different schemes are not equivalent. Results obtained in one renormalization scheme can
not be directly compared with calculations done in another scheme. A central goal of
this work is to determine conversion factors between two of those schemes in order to
connect data obtained from lattice QCD simulations to the phenomenological work done
in perturbative QCD.

In the following we will introduce several common types of renormalization prescriptions,
namely the MS, MS, and RI’ schemes, and discuss some of their properties, once again

using the quark propagator as an example.

MS scheme

In the minimal subtraction (MS) scheme only the poles themselves are subtracted and no
finite parts are defined into the renormalization factor [90]. In our example this leads to

the following expressions for the Z-factor and the renormalized quark propagator:

ZyS =1+ gg‘—ﬂ% + 0(a?), (2.52a)
[SMS]ab( _ ab@ Qs ;pQ 2
ap(p) =16 e 1 537r v+ In(4r) +1+1In 2 +0O(a3). (2.52b)

This is the simplest renormalization scheme, but it is of little practical relevance since it

has been superseded by the MS scheme.

MS scheme

As it turns out, a certain combination of terms appearing in the dimensionally regularized

quark propagator seen in eq. (2.46)), namely
1 1
L), (2:53)
€

€
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is not specific to this particular calculation. Actually, it universally appears at the
one-loop level in dimensional regularization. This fact motivates the definition of the
modified minimal subtraction (MS) scheme (introduced in [91]), in which we absorb the
expression into the Z-factor, leading to a more compact form for the renormalized
propagator:

S _ as 1 2
Z;7 =1+ 5377 = + O(a3) , (2.54a)

MS7ab b Pas As —p? 2
[SY]e%(p) = i6 e <1 —&5- <1 + ln<u2>>> + O(af) . (2.54b)
The MS scheme is simple and straightforward to implement in perturbative calculations
done in dimensional regularization, and it has become by far the most widely used scheme
in this scenario.

The biggest drawback of the MS and MS schemes is, however, that this scenario is the
only one where they are directly applicable at all. On the one hand, their prescriptions are
inherently perturbative, as the poles have to be determined and subtracted order by order
in the perturbative expansions. On the other hand, the schemes are intimately linked to
the evaluation of integrals in noninteger spacetime dimensions (d = 4 — 2¢). These two

facts make the MS scheme incompatible with the nonperturbative realization of QCD on

an exactly 4-dimensional spacetime that is lattice QCD.

RI’ scheme

The last scheme we discuss is the RI’ scheme, which is also called Rome-Southampton
scheme [92]. This scheme belongs to a more general class of momentum subtraction (MOM)
schemes and is designed to be regularization invariant (RI). Therefore, it can be used in
conjunction with both dimensional regularization and lattice regularization.

The method is centered around imposing nonperturbative renormalization conditions
(enforced at a certain renormalization point) upon the Green’s functions in a manner that

projects onto their free value. For the quark propagator the RI’ renormalization condition

reads
. 1 Born [ oRI’ —1} T 1 { Born ( ¢Born —1} o
n%(l}rgo G tr{S (S™) pie s —m%(l]go G trq SO (SPO™) et 1, (2.55)

where the trace (as well as the inverse) is to be taken in 4-dimensional Dirac as well as in
3-dimensional color space, and the prefactor 1/12 ensures its overall normalization. This
trace operation acts similar to a scalar product, contracting the open Dirac and color indices
and projecting the renormalized two-point function onto its Born, i.e., noninteracting,

counterpartE Formulating the renormalization condition in the limit of vanishing quark

1511 continuum perturbation theory the Born term is simply the tree-level propagator. In lattice QCD the
noninteracting case corresponds to a simulation with unit gauge fields.
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2.1. Quantum chromodynamics

masses ensures that the renormalization factor in this scheme is mass independentE

This renormalization condition has to be fulfilled only for certain momenta, namely at
the so-called renormalization point, which introduces the renormalization scale into the
picture. The exact specification of this point is part of the definition of the scheme. In
particular, it should be noted that the condition given above is constructed to generate
a Lorentz-invariant scheme as long as the renormalization point is also declared in a
Lorentz-invariant manner. For an object involving only one momentum variable p it
is only natural to define the renormalization at the point where the scale equals the
virtuality of this momentum, i.e., at u? = —pQE If there are multiple independent external
momenta (as, e.g., in the case of three-quark operators), there are various choices for
the renormalization point. Our renormalization scheme for three-quark operators will be
detailed in section

In the RI’ scheme the Z-factor and renormalized propagator are given by

2N 1 <1 o+ In(4m) +1> +0(a2), (2.56a)
[S™ )y (p) = z’é“bzt;ﬁ (1 & ln(;f)) +0(a?). (2.56b)

As usual for a MOM scheme, the definition is such that the renormalized propagator is

free of O(«as) corrections at the renormalization point.

Converting between renormalization schemes

Often one would like to convert results from one renormalization scheme to another,
especially to enable comparability between values that have been obtained using different
approaches (each using a different renormalization scheme for reasons of necessity, tradition,
or convenience). In our case the key quantities are baryon distribution amplitudes, which
will be defined and discussed in section On the one hand, their normalization constants
and shape parameters can be estimated using SVZ sum rules [93]; for such a calculation
see [38]. Furthermore, the DAs are often required as input parameters in the description of
scattering experiments, e.g., by light-cone sum rules [94]; for such an application see [95].
All these calculations are done in the continuum and naturally use the MS scheme, which
is the most relevant scheme in perturbative contexts, and also all amplitudes describing
experimental processes are usually only studied in the MS scheme as well. On the other
hand, when DAs are determined using lattice QCD (see sections and for more

1%Tn continuum perturbation theory this limit is trivial to implement, as the calculation can just be
performed directly at zero quark mass. In lattice QCD, simulations with vanishing mass are not possible
and therefore one has to extrapolate to the chiral limit from multiple simulations done at different masses.
"The equation refers to Minkowski spacetime. In Euclidean space one would naturally set 2 = p? instead.
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information), the MS scheme cannot be implemented directly. Since lattice QCD can
provide valuable complementary data on important nonperturbative parameters, it would
be very desirable to have results obtained from lattice QCD expressed in the MS scheme
so that they can immediately be compared to (and also used in) perturbative calculations.

The basic idea is as follows: We start from the unrenormalized raw lattice data.
After the desired quantities have been extracted in the analysis they are renormalized
nonperturbatively (on the lattice) using a suitable intermediate scheme. For a review
on nonperturbative renormalization in lattice QCD see [96]. In our case we will select
an RI' scheme as the intermediate scheme. We determine the conversion factor between
the RI' and MS schemes in an accompanying calculation in continuum perturbation theory
with dimensional regularization, i.e., in a scenario where both schemes can be implemented.
This conversion factor can then be applied to the lattice calculation in order to obtain the
final results in the MS scheme. In theory these results are now independent of the choice
made for the intermediate scheme, but in practice this is not exactly true owing to the
necessary truncation of the perturbative series.

We define the conversion factor as the product of the MS Z-factor and the inverse of the
RI' Z-factor. Even though both of these factors contain regulator-dependent divergences,
their product will be finite (and the regulator can be removed) because it facilitates

a conversion between two renormalized (and therefore finite) objects. For our familiar

example we combine eqs. (2.54a]) and (2.56a)) to find

Co=25(2;") =155+ 0(ad). (2.57)

This conversion factor is known to three-loop accuracy [97].

It is very interesting to note that Cj can also be calculated without explicit knowledge
of the RI' Z-factor and RI’ renormalized propagator. It follows from its definition that this
conversion factor (or rather, its inverse) can be obtained by combining the MS renormalized
propagator with the RI’ renormalization condition:

Cq—l _ % tr{Sfree (SWS)—I}

P (2.58)
In practice, this will actually be the preferred approach, and in section [3.5.3| we will use a
similar method to obtain the conversion factors for three-quark operators.

In the calculation of the conversion factor we set both the RI’ renormalization scale and
the MS renormalization scale equal to the scale introduced in dimensional regularization.
And of course we have to make sure that this scale used in the continuum calculation is
equal to the scale used for the nonperturbtive renormalization on the lattice. We will label
this common scale pu. The conversion factor has an implicit scale dependence per

the running of the strong coupling as(p).
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Finding an optimal value for y is nontrivial. On the one hand, it is advantageous to
make p large enough to stay clear of the nonperturbative regime. While the intermediate
RI’ scheme is well able to handle potential nonperturbative effects, the perturbative
conversion to the MS scheme is not. Hence, increasing p improves the convergence behavior
of the perturbative expansion (cf. eq. and fig. and reduces the dependence on
the intermediate scheme. On the other hand, making u too large can enhance lattice
artefacts. Ideally we would like to have a window between the QCD scale and the scale

generated by the lattice regularization,
A(QQCD < M2 <K 1/@2 y (259)

to simultaneously limit the size of both nonperturbtive and discretization effects [92]. In
reality, the available lattice spacings determine how well such a window can be realized.
Taking the spacing of the ensembles used in this work, a = 0.0857 fm (cf. table , and
aiming for a well-behaved perturbative behavior by selecting the typical hadronic scale
1= 2GeV means that

Ajep < < 1/a®. (2.60)

This is promising as it shows that the method should indeed be applicable in our case,
but some lattice artefacts should be expected. However, the study of such discretization
errors is not the main objective of this thesis. We content ourselves with the prospect
that in the near future several ensembles with smaller lattice spacings (and therefore
smaller discretization errors) will be analyzed, allowing one to investigate these effects.
Furthermore, some methods designed to tackle the problem of discretization errors in
lattice renormalization are being developed. E.g., one can try to subtract the leading
lattice artefacts, see [98, [99]. Also, provided one does have access to ensembles at various
spacings, there exists a new strategy where one uses information obtained at the finest of
these spacings (where the window problem is hopefully well under control) to reduce cutoff
effects also in the renormalization factors for the coarser lattices [I00]. Currently, however,
these techniques have only been applied to various quark-antiquark bilinear operators, not

to the three-quark operators involved in the study of baryon distribution amplitudes.
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2.2. Group theory

In the previous section we have established QCD as a gauge theory with the underlying
symmetry group SU(3). Groups will also play an important role in other parts of this
work, mainly for the classification of particles and operators. An understanding of the
basics of group theory will be essential to our cause. In the following we will therefore
briefly explain some concepts of group theory. The treatment will neither be exhaustive,
nor will it be mathematically rigorous (e.g., some of the statements made below are in
general only valid for finite groups). Instead, we focus on introducing just the definitions
and theorems (without proofs) relevant to us. For more detailed discussions we refer the

reader to textbooks on group theory such as [101, [102].

Groups A group is a nonempty set G together with a binary relation o: G x G — G.
This pair needs to fulfill some additional requirements: The relation has to be associative,
(g1 092) 0 g3 = g1 0 (g2 0g3). There has to be a unique identity element e € G that leaves

all other group elements invariant, eo g = g oe = g. And for each element there has to be

1 1

a unique inverse element ¢~ € G such that g log=gog™ ' =e.

Subgroups A nonempty subset H C G is called a subgroup if it forms a group together
with the same binary relation o restricted to the subset, i.e., H x H — H.

Conjugacy classes A conjugacy class C}, is a set consisting of all group elements which
are conjugate to h € G, i.e., C, = {gohog™' | g€ G}. Most conjugacy classes are not
subgroups since the identity element forms a conjugacy class of its own and thus cannot
be part of any other class. Two conjugacy classes can be either identical or disjoint, and
thus the concept of conjugacy classes provides a standard way of partitioning the group

into disjoint sets of (conjugate) elements.

Representations Representation theory is a branch of mathematics with various topics
and applications [103]. For physicists, studying group representations is often helpful in
order to explore the symmetry properties related to groups. The concept of representations
is quite general; for the purpose of this work it is however sufficient to accept a very basic
definition of matrix representations. Consider a mapping R: G — GL(d, C) from a group G
to the general linear group GL(d, C). (After choosing a basis on the vector space C? one
can identify GL(d, C) with the regular d x d matrices built from complex entries.) We will

call this mapping a d-dimensional representation of G if it is a group homomorphism, i.e.,
if R(g1 0 g2) = R(g1)R(g2)-

Inequivalent irreducible representations FEven for a singleton group, {e}, there are

infinitely many representations and it is therefore clear that a lot of the information
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2.2. Group theory

provided by the representations is actually redundant. To deal with this redundancy we
introduce two new terms. First, we will call two d-dimensional matrix representations
equivalent if they can be converted into each other by a change of basis on C?%. Second, we
will call a matrix representation reducible if there exists a basis in which the representation
matrices of all group elements simultaneously acquire the same block-diagonal form. (Since
block-diagonal form is preserved under matrix multiplication it follows that the blocks
constitute lower-dimensional representations of the group.) For any finite group the number
of inequivalent irreducible representations is limited. To be more specific, the number of
conjugacy classes is equal to the number of inequivalent irreducible representations and the
sum of the squares of the representations’ dimensions has to be equal to the group order,

i.e., to the number of group elements.

Unitary representations Every representation is equivalent to a unitary representation,
i.e., one that represents all group elements by unitary matrices@ We can therefore, without

loss of generality, consider only unitary representations R: G — U(d), which have the nice
property R(g~!) = R(g).

Characters Given the ambiguity of equivalent representations it is desirable to have
objects which are invariant under a change of basis. One such object is the trace, i.e., the
sum of the diagonal elements of a matrix. One therefore defines the character of a group
element g in a representation R as x(g) = tr(R(g)). From the cyclic permutation property
of the trace operation it follows that x®(gohog™') = xf(h), and therefore we have exactly
one character per conjugacy class per inequivalent representation. This information can
be neatly arranged in so-called character tables, see, e.g., tables and While a
character table does not define a group, it contains the essential information regarding its
representations. In principle, it is possible to construct all irreducible representations from
the characters [104].

Products and sums of representations Given two matrix representations R, and R of
the same group G one can take the direct (Kronecker) product and the direct sum of the
representation matrices@ The newly constructed objects R, ® Ry and R, ® Rp are now

also representations of G. In most cases the products of irreducible representations will

8Such a transformation can be constructed explicitly. Let R be an arbitrary representation, let
S =23 cc R(9)"R(g), and let D be a unitary matrix which diagonalizes S. (This procedure is well
defined since S is a positive-definite Hermitian matrix by construction.) Now take the square root
T = D'VDSD?'D of S, then the mapping g — TR(g)T~" is a unitary representation.

et A and B be matrices of size d4 X da and dg X dp, respectively. We define the direct product A ® B
as a dadp X dadp matrix such that the components are given by (A ® B)ag (i—1)+k,dp (i—1)+1 = AijBri.
We define the direct sum A@® B as the (da +dp) X (da + dp) block-diagonal matrix A @ B = diag(A, B).
Both operations are associative but noncommutative. Many useful properties such as unitarity carry
over from A and B to A® B and A @ B.

37
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not be irreducible themselves, and sum representations are always reducible by definition.
The characters of the product/sum representation are the products/sums of the individual
characters, i.e., x"*®(g) = xT(g)x™(g) and " (g) = yT(g) + x"(g).

Reduction of representations Any (reducible) representation R can always be decom-
posed into a direct sum of irreducible representations R; (where the subscript i is used to
label all inequivalent irreducible representations). The multiplicity of R; in R is given by

the scalar product of the characters xf and x%, such that
1 .
=@ g Lm0 ) (261
i geG

Transformation according to a representation Take a set of d vectors O;, i =1,...,d,
and a d-dimensional representation R of G. We will say that the O; transform as a
d-dimensional multiplet under the representation R if there exists a basis such that for
all g € G and for alli € {1,...,d}

9.0; = [R(9)];0; (2.62)

where the left-hand side stands for the action of g on O;. The definition implicitly depends
on the choice of action which will have to be specified Y]

2.2.1. Special unitary group SU(3)

The special unitary group of degree 3, called SU(3), is of twofold importance for this work.
First, it serves as the underlying symmetry group of the non-Abelian gauge theory of
strong interactions (SU(3) color symmetry). Second, we can use the same group to classify
multiplets of hadrons (SU(3) flavor symmetry). Let us briefly outline the basic properties
of SU(3) and then discuss its physical implications.

Often one does not differentiate between SU(3) itself as a group of linear operators and
its fundamental representation in terms of unitary 3 x 3 matrices with determinant 1, i.e.,
one can think of SU(3) as

SUB) ={U e GL(3,C) | U'U =13, detU =1}. (2.63)

SU(3) is a continuous group with uncountably many elements. Writing down all elements
is impossible, but since SU(3) is a compact connected Lie group we can write down a

simple parametrization that can generate any element using only a handful of parameters.

29In many cases the standard choice is self-evident, e.g., if G is a linear group and O; are elements of a
suitable vector space, then g.0; is the application of the linear operator g to the vector O;.

38



2.2. Group theory

To illustrate this, let us make use of the following property: Any unitary matrix U (with
determinant 1) can be written as U = exp(—iH ) with a (traceless) Hermitian matrix H.
The 3 x 3 traceless Hermitian matrices form an 8-dimensional real vector space. Hence,
after selecting eight basis matrices t4, A =1,...,8, the fundamental representation of an

element of SU(3) can be expressed as

8
U= exp<—i > tA€A> , (2.64)
A=1

parametrized by eight real numbers #4. Particle physicists favor a basis called the Gell-Mann

matrices, defined and studied in appendix [A2]

SU(3) flavor symmetry

Consider a world with only three quark flavors (up, down, and strange) of equal mass. Since
QCD is flavor blind, all quantities which are governed mostly by the strong interaction (e.g.,
hadron masses) should be invariant under changes of flavor (up to corrections from the
electroweak sector). In this world, particles with the same properties would form multiplets
corresponding to the irreducible representations of this SU(3) flavor symmetryﬂ which is
a generalization of SU(2) isospin symmetry. As the elementary degrees of freedom, the
three quarks correspond to the fundamental (triplet) representation, labeled 3,E| and the
three antiquarks correspond to the complex conjugate of the fundamental representation
(antitriplet), labeled 3. Composite states such as mesons (one quark and one antiquark)
and baryons (three quarks) are related to direct products, which can be reduced to direct

sums of irreducible representations. For SU(3) meson and baryon multiplets one finds

33=138, (2.65a)
303®3=108d8a10. (2.65b)

In the real world, SU(3) flavor symmetry is broken explicitly by the quark mass differences.
(For reference, the numerical values for the quark masses can be found in table on
page ) Since the strange quark mass is more than an order of magnitude larger than
the up and down quark masses (which also differ from each other, but are of equal order of
magnitude), SU(3) flavor symmetry is broken more badly than isospin symmetry. Even
so, this approximate symmetry is useful in practice and enjoys lots of phenomenological

Success.

21For an overview regarding the historical developments and the group-theoretical considerations surrounding
the emergence of SU(3) as the correct flavor symmetry and the elimination of other candidate algebras
see [105].

22We follow the common convention of labeling the irreducible representations of SU(3) by their dimension.
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As one can see from the decomposition presented above, baryons are expected to

form singlets, octets, or decuplets. In the early 1960s when these concepts were first
1+
2

ground state baryons (p, n, ¥+, ¥ ¥~ =9 == and A), which fit the description of
an SU(3) octet. Furthermore, there were nine J* = %Jr baryons (ATH, AT AY A-,
vt $*0 3%~ =*0 and =*7), possibly an SU(3) decuplet with one member still undis-
covered. The prediction of the Q= with a mass at 1685 MeV [107] and the subsequent
experimental discovery of a new state with the appropriate quantum numbers and a mass
of 1686 + 12MeV [I08] was the first success of SU(3) flavor symmetry and led to the
development of the quark model [109, [110].

introduced [I06] and quarks had not yet been postulated, there were eight known J* =

Let us now take a closer look at how the baryon multiplets are realized. To classify
the baryons we use certain quantum numbers of the quarks. Isospin is carried only by up
(T = %, T3 = —1—%) and down (T = %, T5 = —%) quarks, whereas strangeness is carried only
by strange quarks (S’ = —1)@ T3 and S’ are additive and therefore the corresponding
quantum numbers for hadrons can be obtained by adding up the quantum numbers of their
constituents, whereas the possible values of the hadron’s total isospin 1" can be obtained by

coupling the individual isospins in the standard manner established in quantum mechanics.

The most relevant SU(3) baryon representation is 8 because the hadrons which account
for most of the visible matter in the universe, i.e., the nucleons, belong to an octet. Proton
and neutron together with 6 hyperons form a J* = %Jr octet, which is depicted in fig.
This also illustrates the fact that SU(3) flavor is a generalization of SU(2) isospin. In
the rows of the diagram one can identify isospin submultiplets of constant strangeness:
the nucleon iso-doublet (T = %, S’ = 0), the ¥ iso-triplet (T = 1, S’ = —1), the = iso-
doublet (T = %, ' = —2), and the A iso-singlet (T’ = 0, §' = —1). Taking a look
at the measured masses for the baryons [58] allows one to get a quantitative picture of
the SU(3) symmetry breaking. The mass differences within one isospin multiplet (this
corresponds to changing only the light quark constituents) are much smaller (O(1 MeV))
than between those multiplets of different strangeness (O(100 MeV)). This pattern is of
course a direct consequence of the quark mass spectrum, cf. table 2.1 It also shows that
the breaking of the isospin subgroup is indeed much smaller than the breaking of SU(3)
as a whole. When studying the effects of SU(3) symmetry breaking it is therefore a good
approximation to always work in the limit of exact isospin symmetry (and we will do

so throughout this work). The flavor structure of SU(3) octet baryons will be further
discussed in appendix

23The negative sign has historical reasons. Strange particles such as kaons have been discovered [I11] and
the concept of strangeness has been introduced [I12] many years before quarks were proposed [109, [110].
The sign was chosen such that the positively /negatively charged kaons have positive/negative strangeness.
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Figure 2.2.: The members of the J = %Jr baryon octet and their quantum numbers

T3 (isospin z-component), S’ (strangeness) and @ (electric charge).
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Figure 2.3.: The members of the J© = %Jr baryon decuplet and their quantum numbers

T3 (isospin z-component), S’ (strangeness) and @ (electric charge).
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Moving on to the representation 10, one can arrange ten ground state baryons to form
aJb = %Jr decuplet. Similar to the above it is made of four isospin submultiplets, namely
the A(1232) iso-quartet (7' = 3, S’ = 0), the ¥(1385) iso-triplet (T =1, S’ = —1), the
2(1530) iso-doublet (T = %, S’ = —2), and the Q™ iso-singlet (T = 0, S’ = —3). This
decuplet is shown in figure [2.3

These baryon multiplets are not the only ones possible in the respective representations.
E.g., the negative parity baryons N(1520), ¥(1580), =(1820), and A(1520) can be thought
of as forming another octet with J = %7. These additional particle multiplets will not be
considered in this work, and when talking about the baryon octet and baryon decuplet we
will always be referring to the J© = %+ and J¥ = %+ multiplets described above.

Finally, the representation 1 is of little relevance with respect to SU(3) flavor particle
multiplets because no positive parity ground state singlet baryons are observed. This
is consistent with the usual symmetry considerations for the wave functions (see also
section , since three quark spins cannot be in a totally antisymmetric combination.
In contrast, states with nonzero orbital angular momentum can indeed transform as a
flavor singlet. Possible singlets are the J¥ = %+ A(1890) and the J¥ = 1~ A(1405)
(Any SU(3) flavor-singlet state has quark content uds with 7'=0 and S’ = —1.)

SU(3) color symmetry

The quark model interpretation of the hadrons in terms of their constituent quarks is not
enough for a consistent description. Consider, e.g., Q= = sss. This should be a ground
state baryon, with zero orbital angular momentum and all quarks in the same location.
The expected total spin in the decuplet is %, and for that all quark spins would have to
be aligned in parallel. Since quarks of the same flavor are involved, this leads to multiple
identical fermions occupying the same quantum state. This would be a clear violation of
the Pauli exclusion principle, unless there were some other hidden quantum number [113].

Today, this quantum number is called colorﬁ Quarks are color triplets [114, [115],
transforming according to the fundamental representation of SU(3), while the force-carrying
gluons form a color octet [5] (adjoint representation). This is manifest in the Lagrangian
formulation of QCD (see chapter , and unlike its flavor counterpart, SU(3) color is an

exact symmetry.

24A(1405) has been a puzzling case for decades. It is the lightest negative parity baryon despite having
nonzero strangeness. While many attempts have been made to explain its nature (such as a large
pentaquark Fock component, a NK bound state, or a hybrid baryon containing a valence gluon) the
internal structure of A(1405) still remains not fully understood, see also the review article “Pole structure
of the A(1405) region” in [58].

25The concept of color in QCD is not related to visible colors, but it motivates an analogy to additive color
mixing. Consider three primary colors red, green, and blue. A colorless composite state can be formed
by combining the three colors: red + green + blue = white.
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For composite particles made from quarks (i.e., mesons and baryons) the SU(3) decom-
positions also apply in the color sector, meaning that in principle we might find
color-singlet, color-octet and color-decuplet hadrons. However, in all physics experiments
ever conducted, no isolated color-charged particles have ever been observed. Even though
the fundamental strongly interacting particles of the standard model, quarks and gluons,
carry color charge, they only form color-neutral (i.e., singlet) hadrons.

This striking and unique property of QCD has been the subject of many discussions and
is called color (or quark) confinement, see [I16] for a short review. Any attempt at isolating
color charges by separating individual quarks, e.g., through high-energy collisions, does
instead lead to the creation of additional color-neutral hadrons by means of quark-antiquark
pair production fueled by the potential energy between quarks. Lattice simulations using
static sources (where pair production cannot happen; see [117] for a long review) indicate
that the potential between a quark and an antiquark increases almost linearly with their

distance.

2.2.2. Symmetric group S3

The symmetric group &, is the group formed by all possible permutations of n objects,
with the group operation being the composition of permutations. In itself, the theory of
symmetric groups is rich enough to fill whole books, such as [I1§], but in the context of
this work we will merely introduce a few properties of S3. These will be relevant for the
symmetry properties of baryons, i.e., hadrons made of three quarks, see sections [3.4.2
and

In general, given n objects there are n! possible permutations, and thus the group order
of 83 is 6. We can easily write down all the group elements: the identity element which

does not change the order of the objects,
(123), (2.66a)

two cycles of length three,
(231), (312), (2.66D)

and three transpositions which exchange the positions of two objects,
(132), (213), (321). (2.66¢)

In general, the conjugacy classes of symmetric groups are related to the cycle structure. In
the case of Sj it is straightforward to see that there are three conjugacy classes, formed by

the identity element (e), the two cycles (¢) and the three transpositions ().
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From the number of conjugacy classes we also learn that there are three inequivalent
irreducible representations. The first one is the one-dimensional trivial representation

which we will call T 3@ There, each group element is represented by the number 1:

T5(123) =1, (2.67a)
T5(231) =T°(312) =1, (2.67b)
T#(132) = T°(213) = T5(321) = 1. (2.67¢)

The second one, T¢, is the one-dimensional signum representation, in which each group

element is represented by the signum of the permutationﬂ

T*(123) =1, (2.68a)
T(231) = T°(312) =1, (2.68b)
T%(132) = T%(213) = T%(321) = —1. (2.68¢)

Since the squared dimensions of the inequivalent irreducible representations have to
add up to the group order, the third representation, 7™, has to be two-dimensional
(12 +12 + 22 = 6). To construct explicit representation matrices for 7™ let us utilize
the fact that S3 is isomorphic to the triangular dihedral group. Consider an equilateral

7:2

triangle formed by three numbered vertices v, = e~ 3" n=1,2,3 in the complex plane.

We canonically identify this with a two-dimensional Euclidean space, i.e., we have

v = ;(__\;?,) , vy = ;(_i__\}g) , vg = <(1)> . (2.69a—)

There are some elements of the orthogonal group O(2) which map this triangle onto
itself, but with permuted vertices. The six corresponding orthogonal matrices serve as a

two-dimensional representation of Ss:

rez = (1 7).

T™(132) = ;(;:1),) ‘f) , T™(213) = <(1) _01) , T™(321) = ;(__\}g _I/g> :

(2.70a~f)

26The superscripts s, a, and m stand for symmetric, antisymmetric, and mixed, respectively. The reasons
for this naming scheme will become clear in section

2TEach element can be written as a composition containing only transpositions. The number of transpositions
used is not unique, but it is either even or odd. The signum of a permutation is defined as 1 if that
number is even and —1 if it is odd.
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-1/2 0 1 12 0 1 —1/2 0 1
v T™(231) - v T™(312) - vy
ol i | T8 | e) s

of v3 1 (’O\ T™(231) - vy | </o\ T™(312) - vy {0
U _/

~V3/2} 1 1 1=V3/2
vy T™(231) - v3 T™(312) - vy
T™(132) - v3 T™(213) - vy T™(321) - vy
V3/2L + 1 1v3/2

ol o\ T7(132) - vy 1 T(213) - v | o/ T™(321) - vy {0

—V3/2t T 1€ 1-V3/2
Tm(132) - vy T™(213) - vy T™(321) - v3
—12 0 I 12 0 1 120 I

Figure 2.4.: The geometric aspect of the two-dimensional Ss representation 7", illustrated

using automorphisms of an equilateral triangle.

The correspondence between orthogonal transformations of two-dimensional space and
permutations of three objects is illustrated in figure From there it is also apparent that
cyclic permutations in S3 correspond to rotation matrices in O(2), while the transpositions
are mapped to reflections.

It is straightforward to see that this indeed provides Tab. 2.2.: 83 characters.

a new irreducible two-dimensional representation (and TS qa  m

not just a sum of two one-dimensional representations)
by calculating its characters. Now that all irreducible
representations of S3 have been found, we can immediately
assemble the full character table, see table

2.2.3. Hypercubic groups H(4) and H(4)
Properties of H(4)

The hypercubic group H(4) is the symmetry group of a four-dimensional hypercube and,
hence, a discrete subgroup of the orthogonal group O(4). It is obvious that this group
is significant for lattice gauge theory, because in almost all lattice simulations the four-
dimensional spacetime is discretized as a hypercubic lattice [72,[74], breaking O(4) symmetry

down to H(4) symmetry.
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To count the number of group elements we imagine a hypercube centered around the
origin of four-dimensional Euclidean space and determine all transformations that map
the cube onto itself. Such a transformation can be performed by either inverting one of
the four spatial axes or by a permutation of the four axes (or any combination of these
basic operations). This illustrates the fact that the hypercubic group is a semidirect
product involving four copies of the group of order two@ (each axis can either be reversed
or not) and the symmetric group on four objects (accounting for all permutations of
axes): H(4) = Z3 x Sy. From these considerations it can be read off that the group order
is [H(4)| = 2% - 4! = 384.

Given this group order it would be impractical to write down the properties of all
elements. Instead, we work with a set of generators, i.e., a small set of elements selected
such that all other group elements can be written as products of these. In total we will use
6 generators@ We start with the inversion elements I; (i = 1,...,4) that invert the i-th
axis. Each of these generates one of the Z5 subgroups. To generate the S4 subgroup we
use 2 permutations named 7y (a transposition of axes 1 and 3) and ¢ (a cyclic permutation

involving axes 2, 3, and 4). These generators satisfy the following relations:

Ii2:€’ 72267 t3:€7 (to/y)élzev
IiOIj:IjOIi, ’)/OIl:IgO’y, 70[2212077 701421407’
tol=1Lot, tolp =101, tolg=1r0t, toly=130¢t. (271&*1)

The full multiplicative structure of H(4) is encoded therein. All group elements can be
written as a product of generators, and products of group elements can be re-expressed as
other group elements using the equations above. In this way the whole multiplication table
of H(4) could be constructed, but this process would not provide us with much insight.

In [T20H122] the conjugacy class structure and representation theory of H(4) has been
worked out. There are 20 conjugacy classes and consequently there are also 20 inequiv-
alent irreducible representations of H(4). One can find 4 one-dimensional, 2 two-dim.,
4 three-dim., 4 four-dim., 4 six-dim. and 2 eight-dim. representations. (We can check that
4-1242-224+4-3244-42+4-6>+2-82=384)

Of these 20 representations only a four-dimensional one, namely the fundamental
representation, is of particular relevance to us. Its explicit construction is straightforward:
Consider O(4) and the fundamental representation thereof by 4 x 4 orthogonal matrices

with real entries. Restricting this representation to the subgroup H(4) naturally yields

28 All groups of order two are equivalent. Labeling the two elements as e and I, the group structure is
always given by e? = I? =e and eo I = I o e = I. We denote this group as Z.

29This generating set is not minimal. As pointed out in [I19], it is possible to generate all of H(4) using
only 2 elements, but such a set lacks the straightforward geometrical interpretation and does not generate
the related subgroups independently.
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2.2. Group theory

a representation thereof by 4 x 4 orthogonal matrices (now with integer entries). This
representation of H(4) turns out to be irreducible and its matrices (see appendix [B.2)) have

the usual geometrical interpretation of exchanging and reversing the four axes.

Construction of H(4), a double cover for H(4)

In four-dimensional Minkowski spacetime, fermions (such as quarks) are described by
spinors conforming to spinorial representations of SL(2, C), the double cover of the (proper
orthochronous) Lorentz group. Analogously, for the study of fermions on a hypercubic
lattice we should examine the spinorial representations of a double cover of H(4). Let us
now construct such a group, which will be called H(4).

In general, a double-covering group G of H is characterized by a 2-to-1 surjective
homomorphism c¢: G — H. For every h € H the preimage ¢ !(h) consists of exactly
2 elements of GG; we call them g and —g. As a famous example for such a double cover
consider the spin group SU(2) as the double cover of the rotation group SO(3). There is a
covering homomorphism c: SU(2) — SO(3), U + O with O;; = 3 tr{o;Uo;U} (where U
and O are in the fundamental representations of SU(2) and SO(3), respectively). For any
matrix U € SU(2) both +U and —U are mapped to the same rotation matrix in SO(3).

Instead of directly constructing a double cover for the discrete group H(4) we will try to
find a double cover for the continuous group O(4) (of which H(4) is a subgroup). First we
will need to define our candidate group (which will be a semidirect product SU(2)* x Zy),
and then we will need to show that it does indeed provide a double cover for O(4). After
that, finding a double cover for the subgroup H(4) will be trivial.

To create a group structure on the set of tuples{gﬂ

{(UN,U,+) |UT €SU©2), U €SUQ2), te{+,-} =2}, (2.72)

we note that there is a natural nontrivial’] homomorphism from Zs to the outer automor-
phism group of SU(2) x SU(2),

¢ Zy — Out(SU(2) x SU(2)),
£ (UTU7) = (UF,UT)), (2.73)
which induces the following group operation:
(U, U, #,) o (Us, Uy, 49) = (U7, U)o s, (U5, Uy ), 5 0 &)
= (U1+U2:‘:17 U1_U2:':17 il ° i?) ' (274)

39The group operation on the realization of Zs used here is the usual multiplication rule for signs, that
isto+=—o0o—=4and +o0o—=—0+=—.

3UIf one considers the trivial homomorphism =+ + ((UT,U~) = (U",U")) one will end up with a direct
product SU(2)? x Z, instead. This is unsuitable for the description of a group of rotations and reflections.
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Chapter 2. Foundations

This defines a semidirect product SU(2)? x Z,, which we will henceforth call Pin(4) The
spin group SU(2) x SU(2) appears as a normal subgroupﬂ
If we manage to construct a double cover ¢ : Pin(4) — O(4), we can define the

subgroup H(4) C Pin(4) as the preimage of the subgroup H(4) C O(4):

(4) —— Pin(4) = SU(2)% x Z,

H
Z3 xSy =H(4)—— 0(4)

As our mapping for the double cover we define

¢: Pin(4) = SU(2)* x Zy — O(4),
(Ut U-, )~ R, (2.75)

where the components of the matrix R are given by
R, =[RUU %), =str{ofU ofUT}, (2.76)

with a Euclidean four-vector of Pauli matrices % = (4io, 1), cf. appendix

One can easily see that the two group elements (+U*,+U ", +) and (-U*,-U~, +)
are always mapped to the same matrix, hinting at a double-covering nature. But before
we can really proclaim this mapping a double cover of O(4) we need to make a few more
checks. In particular, we should prove that the expression for R,, given above always
specifies a matrix that is in O(4) and, most importantly, that the mapping we defined is

actually a group homomorphism. This is verified explicitly in appendix

Properties of H(4)

Now that we have established the existence of the covering group H(4), we can focus on its

properties. Naturally we have |H(4)| = 2|H(4)| = 768. Again we select 6 generators using

the same names as before. The new group has the generating relations (i # j)

I? = —e, v = —e, 3= —e, (toy)t = —e,

liolj=—Ijol;, ~oly=—I3oy, yolp=—Ihoy, ~yolyg=-—Ijo7,
tolh =1L ot, toly=1I40t, tolg=10t, toly=1I30t, (2.77a-1)

32The term “pin group” can be derived from reinterpreting spin group as “special pin group.” For more
information on spin groups and pin groups see [123] and [124], respectively.

331t is not surprising to see two copies of SU(2) in the product, keeping in mind the composition of the
Dirac four-spinor from two two-component Weyl spinors.
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where —g = go~y? = 72 0 g. Comparing to eqs. (2.71)) one notices that the two sets of

equations are almost identical, only differing by some minus signs.

The conjugacy class structure on H(4) is closely related to that of H(4). For every con-

jugacy class Cj, C H(4) the preimage ¢~1(C},) can either be a single conjugacy class in H(4),
¢ 1(Cy) = Cy = C_y, or it can split into two disjoint conjugacy classes, ¢ 1(Cp) = C,UC-,,
(CgnC_y =0). The simplest example of such a splitting class is C_. = {—e}, since, in
any group, the identity element e has to form a conjugacy class of its own and cannot be
contained in any class other than C,. Overall, 5 out of the 20 conjugacy classes of H(4)

split into pairs of classes when lifted into H(4), therefore bringing the total number of

conjugacy classes in H(4) to 25.

The 20 inequivalent irreducible representations of H(4) induce 20 inequivalent irreducible

representations of H(4) by virtue of the following mechanism: If ¢: H(4) — H(4) is a double
cover and R(h) is a representation of the elements h € H(4), then R(c(g)) is a representation
of the elements g € H(4). In each of these 20 representations, the 6 named generators
are represented by the same matrices as in the corresponding H(4) representation, and
therefore —e, just like e, is represented by an identity matrix. Among these so-called single-
valued representations the most important one is the four-dimensional representation arising
from the fundamental representation of O(4) (as described above). This representation,
labeled “IIy - [3]” in [122] and labeled Tf in [52], determines the transformation behavior
of four-vectors under H(4) and is thus relevant for the construction of operators containing
derivatives.

The 25 conjugacy classes indicate 25 inequivalent irreducible representations, meaning
that we are still missing 5. The remaining ones are not related to the existing representations
of H(4). Instead, these are entirely new spinorial representations of H(4), in which —e
is always mapped to a negative identity matrix. As first worked out in [IT19] there are
2 four-dimensional, 1 eight-dimensional, and 2 twelve-dimensional spinorial representations
(242 + 82 + 2122 = 384 as expected). We will label them Tf, 7'2&, Tg, 7'11*2, and 721*2
in accordance with [52]. All spinorial representations play an important role in the
classification of three-quark operators performed in section In particular, T% is
the representation that governs the transformation properties of quark four-spinors. The
representations 7'1é and 7'{1 are connected to each other through the transformation of Dirac

matrices:

) e )i R D] g = @]y ()ey Vo€ H@.  (278)

Explicit matrix forms for all relevant representations are provided in appendix
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Chapter

Distribution amplitudes and

their renormalization

3.1. Motivation

Our long-term goal is to provide a precise lattice QCD determination of SU(3) octet baryon
distribution amplitudes. These nonperturbative functions provide insight into the structure
of hadrons in the form of the distribution of light-cone momentum among the hadron’s
constituents. The relevant definitions are given in section below. The preferred way to
determine DAs using lattice QCD is via a calculation of their moments, cf. section

Lattice QCD cannot determine results with absolute precision, instead they come with
several sources of error including the usual statistical uncertainty as well as an uncertainty
associated with the renormalization precedure. In [47] one part of the systematic uncertainty
due to the renormalization of three-quark operators has been estimated and it can be seen
that it contributes, on average, a third of the total error in their results. Therefore, trying
to improve the renormalization procedure is certainly a worthwhile goal.

In the previous lattice studies of nucleon DAs [47, 48] the renormalization has been
performed using the operators and methods presented in [51) 52} [125]. A central motivation
for this thesis was to improve these pre-existing methods. In particular, we will make
methodological advancements on multiple fronts: First, the operators used in previous
works have been designed with only the nucleon in mind. We will construct operators that
are suited for a simultaneous treatment of all SU(3) baryons in section [3.4] Second, the
MS scheme that has been used does not make any attempt to take the effects of so-called
evanescent operators into account. This could possibly lead to uncontrolled systematic
errors not included in the estimate mentioned above. In this work we employ an MS scheme
that automatically excludes any contributions from such operators, see section Third,

a MOM scheme with a nonsymmetric momentum configuration was used, which will be
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replaced by an SMOM scheme as described in section These principal improvements
will be further complemented by some improvements regarding the implementation, e.g.,
by using exact analytical results instead of numerical integration in the loop calculations.
We have already published first results using this new renormalization procedure [49], but
here we will be explaining the method in more detail and we will also present formulas for

the renormalization of second moments (cf. appendix @

3.2. Octet baryon distribution amplitudes

In order to define baryon distribution amplitudes one needs to consider baryon-to-vacuum

matrix elements of renormalized three-quark operators at light-like separations [126],

(01 fa(a1n)gs(azn)hy (azn)]| > |B(p, A)) | (3.1)

where | B(p, A)) is the baryon state with momentum p and helicity A\, while «, 3,y are Dirac
indices, n is a light-cone four-vector (n? = 0), the a; are arbitrary real numbers, and f, g, h
are quark fields of given flavor. In our notation for these matrix elements the Wilson lines
(which are needed for gauge invariance), the color antisymmetrization (which is needed to
form a color singlet), and the dependence on the renormalization scale are not written out
explicitly but always implied.

The J¥ = %+ baryon octet is composed of the eight particles p, n, £1, X0, ¥, 20, =~
and A. In the limit of exact isospin symmetry (m, = my) these baryons form multiplets of
definite total isospin, see section For the study of octet baryon DAs it is sufficient
to select one representative from each multiplet. In the following we will therefore only

consider
Be{N=p £=x",2=2 A}. (3.2)

In general, the matrix element (3.1]) is expected to be nonzero only if the three quark
flavors f, g, h match the valence quark content of the baryon B. The order of the flavors is

relevant. Our convention, which will always be implied from here on, is:

p: (f,9,h) = (u,u,d), (3.3a)
X7 (f,9,h)=(d,d,s), (3.3b)
20: (f,9,h) = (s,s,u), (3.3¢)

A: (f,g,h) = (u,d,s) (3.3d)

Quantities defined using other flavors or other baryon representatives would not provide any
additional information. They can always be related to our definitions via isospin and Fierz

transformations. For more detail on our flavor and phase conventions see appendix
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The general Lorentz decomposition [126] of the matrix element (3.1]) consists of 24 terms,

which are usually written in the form

(0lfa(a1n)gp(agn)hy(azn)| B(p, A)) =

= SO0, (PP, 0), [fide] e B DA ). (30
DA

Here TP and I'PA are the Dirac structures corresponding to the distribution ampli-
tude DAP (1, 9, 23), see eq. (2.9) of [126], and u?(p, \) is the Dirac spinor with on-shell
momentum p (p? = mQB) and helicity A. This decomposition can be organized in such a way
that all DAs have definite collinear twist@ The variables x1, x2, x3 specify the fractions of
the light-cone momentum p - n carried by the quark flavors f, g, h, respectively, and the

integration measure is defined as

111

/ da] = / / / daydusdas 6(1 — 21 — w9 — w3) (3.5)

000

The factor §(1 — x1 — x9 — x3) enforces momentum conservation.

In eq. both the matrix element on the left-hand side and the DAs on the right-hand
side are quantities which require renormalization and therefore the DAs are scale- and
scheme-dependent objects. The dependence on the renormalization scale p will not be
written out unless needed. Since any phenomenological interpretation as well as comparison
to other works is done in the MS scheme, it is clear that an accurate lattice study of baryon

DAs will have to be accompanied by a conversion to this scheme.

3.2.1. Leading twist distribution amplitudes

Focusing on the DAs of leading twist three, the general decomposition (3.4) is simplified
to three terms [130]@

4<0’fa(a1n)g/3(a2n)h7(agn)|B(p, )\)> = /[d:t] €_ip'nzi a;T;

X (vfﬁwVB(xl, x9,x3) + GEBWAB(IEL x9,x3) + taBﬁwTB(xl, To,x3) + ). (3.6)

34In an ordinary operator product expansion [127] the importance of contributions is said to decrease as the
mass dimensions of the operators increase. When working with separations that are near the light cone
this does not hold. The importance of an operator is now ranked by a new quantity called twist [128],
which is described as the difference between dimension and spin. In practice, two variants of twist exist,
called geometric twist and collinear twist (see [129] for details). We will not concern ourselves with
these differences and henceforth simply refer to it as twist. For baryon operators the leading (i.e., lowest
possible) twist is 3.

350ur DAs VY, AN and TV correspond to Vi, A1, and Ty in [126].
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The Dirac structures corresponding to the three leading twist amplitudes are given by

ocﬁ zy (ﬁ’c)aﬂ( YsU4 (p’ )‘)) > (37&)
ocﬂ ¥ (ﬁ’75c)aﬂ(u+ (p’ )‘))fy (37b)
ozﬂ 5 (ZULnC)aB (7 ’Y5U+( )) (37C)

with the charge conjugation matrix C' and the notation

5 1 m2
Ny = Pu — 5]9.7%77'#7 u+(p7 A) ﬂﬂ B(pv )‘)7
. My + Nyn

n-n

Each of the 24 DAs can be isolated by contracting the decomposition (3.4]) with

appropriate Dirac structures. For the leading twist DAs such matrix elements read:

(O1(f™ (a1n)Cihg' (azn))th' (azn)|B(p, N)) =

= —5(p-n)pu”'(p, A) /[dl‘] e P T [V AP (21, 9, 23) (3.92)
(O (f ™ (a1n)Cy*shg" (agn)) yusth' (asn)|B(p, A)) =
=2(p- n)1/LuBT(p, A) /[dx] eI Y aii TB(:El, x9,T3) . (3.9b)

The notation in terms of the right- and left-handed components defined as ¢* = %(]1 +75)q
and uP(p,\) = £(1 £ 75)u® (p, \) makes it apparent that [V—A]? and T® are related to
the fTg*h" and f'¢g'h" Fock states, respectively.

If [V—A]B is given, then the VP and A® components can be reconstructed due to their

different symmetry properties under the exchange of the first and the second quark:

VA($2,$1,333) = *VA(.%‘l,I‘Q,LEg),
AB#A(:C27$17$3) = _AB($]_,£U2,SU3), AA($27$1)1E3) = +AA($].7$27$3)5
TA(:UQ,xl,azg) = —TA(:Cl,xg,ajg). (3.10a—f)

VB7£A(CCQ,SC1,$3) = +VB(CC1,$2,333) )

TB7M (29, 21, 23) = +T8 (21, 20, 23)
Using isospin symmetry one can further show that for the nucleon

2TN (x4, 23, 20) = [V—AN (21, 22, 23) + [V—A]N (23, 22, 1) , (3.11)

such that, to leading twist accuracy, [V—A]Y

contains all necessary information and is
therefore traditionally referred to as the leading twist nucleon DA, ®V. For other baryons

this relation does not hold and consequently the functions T2 are independent from [V—A]5.
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To explore the consequences of SU(3) flavor symmetry breaking it proves to be convenient
to define the following set of DAs:

@f#/\(xl,xg,xg) = %([V—A]B(xl,xg,mg) + [V—A]B(xg,xg,xl)) , (3.12a)
HB#A(xla x2, .%'3) = TB(xlax?))':UQ) 5 (312]3)
@ﬁ(xl,xg,xg) = \/%([V—A]A(wl,l?,l‘gg) + [V—A]A(.%'g,xg,l‘l)) , (3.12C)
(I)/,\(.Z'l,.ﬁg,a}g) = —\/g([V—A]A(fEl,IEQ,l'g) — [V—A]A(.’L'g,,.%'g,l’l)) s (3.12d)
1A (21, 9, 23) = V6 T (21, 23, 23) (3.12¢)

where for the nucleon IV = ®¥ up to isospin breaking. In the limit of SU(3) flavor
symmetry, where m, = mg = ms (and in particular at the flavor symmetric point with

physical average quark mass, indicated by x), the following relations hold:

O = o = Y = 0T = o = IV =TI = 17, (3.13a)
o =Nt = % = % = M = I, (3.13b)

so that the II® (or T%) amplitudes only need to be considered because flavor symmetry is
broken.

In the above we have introduced two different sets of DAs (VZ, AB T'® and @f, o8 118),
which both encode the same information. To understand the different physical meaning
of these distribution amplitudes it is instructive to work out their relation to light-front
wave functions (see, e.g., [38, 131, 132]). Leading twist distribution amplitudes correspond
to an approximation for the baryonic Bethe—Salpeter [133] wave function where only the
leading three-quark Fock states with vanishing orbital angular momentum are taken into
account (i.e., the helicities of the quarks have to sum up to the helicity of the baryon) and
the transverse momentum dependence has been integrated out (with a cutoff given by the

scale p):

[dz]

IBAN) = [ sl fgh) @ {[V-HA (o1, 0, o)1) + (V= AL 10, 141

— 278 (21, 9, 23)[111) }

[dx]
/ 11) ® {— V3BB(a1, w3, 22) (|Bus) — V2|Bs))/3
8v/3r1T973
— V3ITP (21, 23, 22) (2| Bus) + V2|Bs)) /3
+ @5 (21, 23,22)|Buma) } (3.14a)
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and

A = [ fuds) & { VAT o1, .2 1)+ VAP o2, ) 1)
— 2T (21, 22, 23) |[11) }

B [dx]
= /&/WHTU ® {— V3P (21, 73, 2)|Anis)
+ T (21, 3, 72) (2|Ama) + V2|A4)) /3
+ 0 oy, 23, 22) (Aaia) — V2IAL))/3),  (3.14b)

where |fgh) show the quark flavors, which adhere to the ordering convention specified in
eqs. (3.3), and [1]1), etc., show quark helicities. In combination, |fgh) ® |11) specifies a
state with quark content |f'(x1)g*(22)h"(23)). From this representation it becomes obvious
that VB, AP, and TP are convenient DAs if one sorts the quarks with respect to their flavor,
while @f, OB and II? correspond to three distinct flavor structures in a helicity-ordered
wave function. |Byg) and |Bya) are the usual mixed-symmetric and mixed-antisymmetric
octet flavor wave functions (see tables and in appendix [C). |Aa) and |[B#A]g) are
totally antisymmetric and symmetric flavor wave functions (see tables and . These
are usually associated with singlet and decuplet baryons, respectively, and only occur in
the octet if SU(3) symmetry is broken. At the flavor symmetric point, ®* and ®* isolate

the mixed-symmetric and mixed-antisymmetric flavor wave functions:

* I:dx:l * *
1B = [ —————[M1) ® {—V3®% (21,23, 22)|Bus) + ®* (21,23, 22)|Buma) } -
/8\/31‘11’21‘3 + (3‘15)

Baryon DAs can be expanded in a set of orthogonal polynomials P, (of the three
variables x1,x2,x3) that describe irreducible representations of the collinear conformal
group SL(2,R) (a conformal partial wave expansion). This procedure has an analogy in
quantum mechanics, namely the expansion in spherical harmonics Yy, (6, ), which provide
a basis for the irreducible representations of the rotation group SO(3). While the quantum
mechanical application exploits the spherical symmetry of a potential, the expansion of
DAs is based on conformal symmetry [129]. The benefit of such an expansion is that
the renormalization group equations guarantee that the coefficients appearing in front
of these polynomials have autonomous scale dependence at one loop [126]. The first few

polynomials are (see, e.g., [134] )@

Poo =1, Pao = 8B[3(x1 — 23)* — 32a(w1 + 23) + 223]
P11 = 7(1‘1 —2x9 + xg) , Poo = %[x% + 9:62($1 + xg) — 12z123 — 6$% + x%] ,
Pro = 21(z1 — x3), Po1 = %(xl —3xo + x3) (21 — x3) . (3.16a—f)

%The polynomials P, are orthogonal with respect to [[dz] 120212223 Py Pans X Spns Oxi -
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3.2. Octet baryon distribution amplitudes

Note that all P, have definite symmetry (being symmetric or antisymmetric) under the
exchange of x1 and x3. Taking into account the corresponding symmetry of the DAs
defined in eqs. (3.12), a generic expansion reads

¥ = 120z1 2023 (00hPoo + 11 P11 + 05y Pao + ¢5sPaa + -+ ) (3.17a)
P = 120z 2923 (p1)Pro + 5 Por + -+ ) (3.17b)
ITP#A = 12021 2005 (1) Poo + TH P11 + mhyPag + oy Pag + -+ ), (3.17¢c)
T = 120z 2013 (7?{\07310 + 7w Pa1 + - ). (3.17d)

In each DA only polynomials of one type appear, either symmetric (‘bf , TIB#A) or an-
tisymmetric (<I>§ , HA). In this expansion all nonperturbative information is encoded in
the set of (scale-dependent) coefficients gpfk, ﬂfk, which can be related to matrix elements
of local operators. These quantities are of phenomenological interest and it is therefore
necessary to understand their behavior under renormalization which will be investigated in
section B.5.4

The leading contributions 120x1x2x3<p6% and 12Ox1x2x37r£)7é/\ are usually referred to
as the asymptotic DAs (see below). The corresponding coefficients 4,0(]330 and m%’éA can be
thought of as the value of the baryon wave functions at the origin (in position space). In

what follows we will use the notation
fB = /[dm] @f(ml,mg,xg) = <pé30, f%%’é/\ = /[daz] HB(JIl,CCQ,.CUg) = 77(]]30, (3.18a-b)

ie., fB and fj?’éA denote the normalization of the DAs @f and ITB#A respectively. Note
that for the nucleon the two couplings coincide, f:]pv = fN. The DAs ®2 and IT%, on the
other hand, both have vanishing normalization by construction.

The coefficients of higher order are usually referred to as shape parameters@ The

one-loop scale evolution of the couplings and shape parameters is given by

a Tnk/Bo o Tnk/Bo
ebeli) = ebelpa) () a0 =t (20 ) @asan)

where g = 11 — 2ny/3 is the first coeflicient of the QCD beta function. In this work we
restrict ourselves to the contributions of up to second order polynomials and omit all higher

terms. The relevant one-loop anomalous dimensions are

2 10 26
700—3, ’711—3, 710—9,
38 16 46
_2° _ = . 3.20a—f
720 =5 Y2 = P21 =g (3.20a-f)

37Note that, in contrast to [48], we do not separate the couplings fB and fE#* as overall normalization
factors, i.e., our @l correspond to fn ok, of [48].
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Chapter 3. Distribution amplitudes and their renormalization

Beyond that, the scale dependence of f5 = ¢f and fB7£A = m& is known to three-loop
order, see refs. [I35, [I36]. There is a hierarchy in the numerical values of anomalous
dimensions, yp0 < Y11 = Y10 < Y20 & Y22 = Y21 < ---, which implies that in the limit
of asymptotically large scales all shape parameters tend to zero at a much faster rate
than f, or 7r007"é thereby justifying the nomenclature of asymptotic DA for 120x1x27305,

and 120x1x2x37r[%7£/\.

3.2.2. Higher twist contributions

The general decomposition contains 21 DAs of higher twist, which altogether involve
only up to three new normalization constants (just two for N, 3, and =), for details see
refs. [33, 126]. They can be defined as matrix elements of local three-quark twist four
operators without derivatives. These twist four couplings are also of interest in a broader
context, e.g., in studies of baryon decays in grand unified models [137], and as input
parameters for QCD sum rule calculations, see, e.g., refs. [95] 138 139].

We use the following deﬁnitionsﬁ

(O1(£7(0)Cy"g*(0))7uh! (0)[[B#A)(p, ) = —3APmpu® (p, )) (3.21a)
(O[(f7(0)Co* g'(0)) a0 " (0)[[B#A] (p, X)) = A¥mpu® (p, A) (3.21b)

for the isospin-nonsinglet baryons (B = N, X, E), and

(0|( (0)C~y*d*(0) )'yﬂs (0)|A(p,\)) = 2\[)\1mAu Y(p, A) (3.22a)
<0\(u 0)cd <o>)s¢<o>|A<p,A>>=ﬁATmAu (5.2, (3.22b)
01T O)Cd (©)s' AP, \) = =k Mmau(p, ), (3.22¢)

for the A baryon. These definitions are chosen so that the normalization constants of

different baryons become equal at the flavor symmetric point, see also [33]:

A=AV = AT = AT = A = A (3.232)

The one-loop evolution for all twist four normalization constants is the same:

o —2/Bo
A ) = M rlpo) (22 ) (3:20)

The corresponding anomalous dimensions are known to three-loop accuracy [135, [136].
The scale dependence of the couplings AP and )\% is the same to all orders, whereas for Y

it differs starting from the second loop.

38For the nucleon the definitions in terms of chiral fields given in eqs. (3.21)) are equivalent to the traditional
definitions of A} and A}’ not involving chiral projections, as used in [48].
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3.3. Moments

3.3. Moments

As we have seen in the previous section, distribution amplitudes are defined as matrix
elements of nonlocal operators with quarks at light-like separations. A direct lattice
calculation of such quantities in Euclidean spacetime is not possible. However, so-called

moments of the DAs, e.g.,
Vit = [lda] el ag VO (o 0,m0) (3.25)

(and similarly for the other functions) are instead related to local operators, which we will
be able to access in lattice QCD. To illustrate this connection let us look at an example.
The DA [V—A]B is defined via the nonlocal matrix element previously shown in eq. (3.9a)):

(OI(f™ (a1n)Crtg* (azn))th' (asn)| B(p, A)) =
= _%<p . n)yiuBT(ZL )\) /[di[}] e—ip‘nZi it [V_A]B(xla z2, 1'3) 5

with arbitrary a;. In particular, this implies for a; — 0 that

(OI(FT(0)Crhg" (0)) ' (0) B(p, N)) = —5(p - n)ptu” (p, A)[V—Alfo (3.26)

i.e., the zeroth moment of the DA [V—A]? is related to the local operator on the left-hand
side. Such relations enable lattice calculations of DAs in terms of their moments, a method
which is well established [40H49]. A compilation of local operators suitable for lattice
implementation will be given in section In general, the calculation of an (I +m +n)-th
moment will require operators with [ + m + n covariant derivatives. This constitutes an
inherent limitation of the method, because calculations with a high number of derivatives
cannot be realized in practice with sufficient precision. In practice, this usually means that
we are limited to describing baryon DAs up to their second moments, although this is not
a major drawback since these lowest contributions are indeed by far the most important
ones.

An alternative to this moments method has been proposed in [I40)]. It revolves around
the calculation of hadronic matrix elements of current-current correlators at purely space-
like separations in position space. The connection to distribution amplitudes is then
made in continuum perturbation theory. An advantage of this method would be that it
could circumnavigate the complicated question of the renormalization behavior of local
three-quark operators with derivatives which we will be discussing in this work. However,
in order to be sensitive to anything but the value of the lowest moment, the position space

method requires hadron sources with high momenta. Large momenta are also required in

59



Chapter 3. Distribution amplitudes and their renormalization

other methods to calculate hadron properties in Euclidean space, such as [I41]. Up until
very recently this presented a grave problem spoiling any practical application since no
satisfactory techniques for hadrons carrying high momenta on the lattice existed that could
sufficiently suppress excited state contributions while maintaining acceptable signal-to-noise
ratios. The situation has changed with the development of a novel momentum smearing
technique [44] 142]. An early investigation of the position space method combined with
momentum smearing indicates some promise [143] and should inspire further exploration
to assess the potential as a complement to the established moments method.

In this thesis we focus on the traditional method. To this end we will express the shape
parameters of the DAs ®Z, @8 and TI” (as defined in egs. ) in terms of moments of
the standard DAs VB, AB and T®. The shape parameters gpfk are related to n-th moments
of [V—A]B, while ﬂfk are related to n-th moments of 75, These relations are instrumental
both in extracting the quantities which we are interested in from the lattice correlators
(section as well as in deducing their renormalization matrices (section |3.5.4)).

Leading twist — zeroth moments
By definition, the couplings of interest are related to the zeroth moments as follows:

fB;éA = @(])36 = [V_A](%Ov fA = 90(/)\0 = \/%[V_A]f)\oo’ fzj?#A = 7T(])30 = Tol(?)o’ (3.27a—c)

where f& = f¥ due to isospin symmetry. Due to the symmetry relations (3.10]), some

zeroth moments of individual DAs vanish identically,
Vo = Abtp™ = Tovo = 0, (3.28)
such that the above is equivalent to

B#A _ 1/B A A B#A _ B
b7 " = Vooo P00 = —\/g Agoo o0 = Togo - (3.29a-c)

Leading twist — first moments

B

mn’

The shape parameters defined in egs. (3.17) can be expressed as linear combinations of V,

Aﬁnn, and ngm via eqgs. . For the N, X, and Z baryons,
whr ) = V—AlToo + [V—-A1510 + [V—-Alj01 (3.30a)
o0y = Ttoo + Toto + Toou » (3.30b)
7 = 3 (V=AlTho — 2V—-AJgie + [V-Alfn) » (3.30c)
mi7 A = (T + Tiho — 2T551) » (3.30d)
oy =5 (V=Alfh — [V-A5) , (3.30¢)
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3.3. Moments

where 7'('(])\6’(1) = gpé\g,(l) and 7Y = ¢} due to isospin symmetry. For the A baryon the shape

parameters are given by

@6\0,(1) = \/%([V—A]jfoo + [V-Algyo + [V-Aloo1) » (3.31a)
o = %([V—AH\OO —2[V—Aljio + [V-Algor) (3.31b)
1o = _\/g([V—AH\oo — [V-A4l51) , (3.31c)
= @ (Tfoo — Tato) - (3.31d)

Leading twist — second moments

For the isospin-nonsinglet baryons we have 10 second order shape parameters:

B#A _B#A  _B#A _B#A , B#A _B#A , _B#MA _B#A _B#A _B#A
90007,£(2)> 7T007,£(2)a 9011%(2)7 7711%(2)7 S020¢ ) 7T207£ ) 90227£ ’ 7722¢ ’ 90107%(2)7 90217é : (3.32)
Additionally we have a set of 8 parameters for the A baryon:
A A A A A A A A
%00,(2): ¥11,(2)> ¥P20: 225 P10,2): T10,(2)> P21 T21 - (3.33)

Their expression in terms of moments can be found in appendix

Leading twist — momentum sums

In the above we have defined additional objects that did not originally appear in the
parametrizations . They are given the same names as the established shape pa-
rameters, but are distinguished by an extra subscript in parentheses, and correspond to
expressing the same shape parameter using a different set of moments. For example, the
leading twist normalization constant f¥ can be written as a zeroth moment (), or as
a sum of first moments (@&7(1)), a sum of second moments (cp(%@)), and so on. In the

continuum all these expressions are equal, i.e., we have

B B B _ (B B#A B B _ (B
%00,(2) = ¥o0,(1) = Yoo = I, ”oofé(z) = T00,(1) = Moo = IT s

B B B#A B
P11,2) = 1o 7T11;,£(2) =M1

B B A A
¥P10,2) — P10 To,2) = T10 - (3.34a—f)

This follows directly from the momentum conservation condition z1 4+ z9 +x3 = 1, eq. (3.5]).
In the language of operators this combination corresponds to rewriting a total derivative
acting on a local three-quark operator as a sum of three operators with a covariant

derivative acting on one of the quarks. However, the product rule for derivatives is violated

61



Chapter 3. Distribution amplitudes and their renormalization

by discretization effects, meaning that the relations given above will be broken on the
lattice. This also affects renormalization: The renormalization prescription for gogo will
differ from that for <p(’)307(1) and the latter will also include mixing with the other first
moments, see section Even so, we can still expect equations to be restored
for continuum extrapolated data renormalized in a scheme which respects the Lorentz
symmetry, such as the MS scheme. In a lattice study one can use this as a consistency

check, and we discuss and analyze it in more detail in section

3.4. Operators

As stated in the previous section, moments of distribution amplitudes are related to local
three-quark operators. In the following we will show how the latter can be assembled to form
multiplets that transform under irreducible representations of both the spinorial hypercubic

group H(4) and the permutation group Ss, as these exhibit optimal transformation behavior
for the task at hand.

3.4.1. Transformation behavior under H(4)

Consider a generic local three-quark operator O containing n covariant derivatives)[ﬂ

O =ToBypr..in fa 98Dy, -+ Dy Iy (3.35)

where T is an arbitrary coefficient tensor contracted with the Dirac indices of the quark
fields and the Lorentz indices of the derivatives. For any group element g € H(4) we
define the g-transformed operator g.O as the operator where each part of the operator
is individually transformed using the appropriate representation, i.e., the fundamental
spinorial representation 714 for the quark fields and the fundamental representation Tf for

the derivatives:

4 4 4 4 4
90 = [11(9)] [ g5 [ @]y - [ D], [ 0]
X LB,y Jor 93 Dyy - -+ Dyt ey - (3.36)
From this, it becomes clear that the transformation behavior of operators with n derivatives

is determined by the product of representations T% ® 714 ® T{l ®--® T;l ® 7'14, where the

. 4 .
representation 7; appears n times.

39For the determination of the H(4) transformation behavior of the operators their flavor structure is not
relevant and neither are the positions of derivatives. For notational purposes we will use three generic
flavors, f, g, and h, and have all derivatives acting on the quark h.
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3.4. Operators

Using eq. (2.61)) one can decompose these products into sums of irreducible represen-
tations. To carry out this calculation explicitly, one needs to know the characters of all

elements in the various representations of H(4). This information can be found in the

character table [B.I]in appendix [B] For the interesting cases of zero, one, or two derivatives
we find{]

7_{; ® 714 ® 7'1é = 57'1é o1 @32, (3.37a)
HRTen @ =8 a4l e 1272 ¢ 472, (3.37D)
7'14 ® 7'% ® Tf ® 7';1 ® 7'14 = 207'1il ® 47'2il G208 @ 407'1L2 & 24721*2 . (3.37c)

On the right-hand sides of these equations we find only the spinorial representations (as
expected, given that baryons are fermions), meaning that three-quark operators form 4-, 8-,

or 12-dimensional multiplets transforming under the spinorial H(4) representations 7‘%, 7'24,
T§, 7'11*2, and 7'21*2. E.g., the 43 = 64 operators without derivatives will form five 4-dimensional,
one 8-dim., and three 12-dim. multiplets.

We can construct these multiplets explicitly by using eq. . Let R be one of the

spinorial representations and let dr be its dimension. For a dp-dimensional multiplet of

operators O, i = 1,...,dp to transform under the representation R we have to deman
9.0 = [R(¢)];;09  vgecHA). (3.38)

This constitutes a system of linear equations whose solution will constrain the components
of the coefficient tensors T, but will not fix them completely. It is already apparent
from the structure of eq. that the overall phase and normalization of a multiplet
cannot be uniquely determined and remain as a choice of convention. Furthermore, in
cases where multiple copies of the same representation appear on the right-hand side of
the decompositions , the linear solution space will be multi-dimensional, e.g., in the
case of operators without derivatives in the representation 7'11*2 the solution space turns
out to be three-dimensional, as predicted by eq. . In principle, one could take
any three linearly independent solutions and declare them the three multiplets in the
representation 711*2. However, while all such choices would be equally valid mathematically,
not all are equally smart from the physicist’s point of view.

As a starting point we consider the three-quark operator multiplets (with zero, one,

or two covariant derivatives) transforming irreducibly under H(4) that have been worked

out in [51]@ We will not repeat all details of the construction here. Instead, we will

“The result for two derivatives, eq. (3.37¢), is stated incorrectly in [50H52].

' When checking this property it is sufficient to do so only for the 6 generators of H(4) since both the action,
(91 ©92).0 = g1.(92.0), and the representation, R(g1 o g2) = R(g1)R(g2), respect the group structure.
42We have independently verified that all multiplets given therein really transform as advertised. See also

the explicit expressions for the representation matrices collected in appendix @
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Chapter 3. Distribution amplitudes and their renormalization

Table 3.1.: List of three-quark operator multiplets transforming irreducibly under H(4),
sorted by operator dimension and representation. For zero derivatives all operators are
listed (leading twist: Og_g, higher twist: O1_5). For the operators with derivatives, only the
leading twist multiplets are shown. Our knowledge of the decompositions allows us
to indicate the positions of the remaining higher twist operators by dots. The nomenclature
follows [52].

no derivatives 1 derivative 2 derivatives
dimension 9/2 dimension 11/2 dimension 13/2
4
71 01,02, O3, O4, O Opp1, Opp2, Opp3, - -
4
5 Opbps, Opps, Oppe, - - -
8
T Os Op1, - Opp7, Opps, Oppy, - -
12
T 07, Og, Oy Ops2, Ops, Opy, ... Oppio, Oppi1, Oppi2, Oppis, - -
12 Oppi4; Oppis, Oppis
75" Ops, Ope, Op7, Ops ' ’ ’

Obpi7, Opp1s, - - -

discuss some of the properties of the resulting multiplets, analyze the structure of the
H(4) classification, and then proceed to improve upon it in the following sections.

In [51] all operators without derivatives are sorted into multiplets, but for the operators
involving one or two covariant derivatives only multiplets of leading twist operators are
constructed and named@ The resulting structure is summarized in table The
delineation of the leading twist operators is an important and useful property since, under
renormalization, leading twist operators can only mix with other leading twist operators.
We will therefore retain this property also in our improved operator multiplets.

Another property of the multiplets constructed in [51] concerns the quark chiralities.
In the chiral Weyl representation the Dirac four-spinors consist of a pair of two-spinors
corresponding to left- and right-handed quarks. The multiplets were constructed such
that all operators contained have definite quark chiralities. In the example of 7'11*2 with no
derivatives, the first multiplet, O7, is chosen such that all its operators are either RLL
or LRR, while Og has LRL/RLR, and Og has LLR/RRL. We will call such operators
chiral-odd. (The only chiral-even combination, LLL/RRR, simply does not appear here,
but will do so in other cases, e.g., Og in Tg.) A comparison with egs. tells us
that this classification corresponds to the DAs [V+A]B, [V—A]B, and T5. While it is

straightforward to select operator multiplets in this manner, it is not optimal in the context

43The absence of a classification for multiplets of higher twist operators with derivatives does not pose a
problem since our lattice studies are not aiming to determine the higher moments of the higher twist
DAs. Should the need arise, such multiplets could be constructed using eq. (3.38]).
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of SU(3) baryon distribution amplitudes where the DAs <I>_]f, ®B . and IIP provide a better
basis instead. Therefore we will, over the course of the next two sections, incorporate the
symmetry properties of SU(3) baryons into the operator construction.

Before that, however, it is worth taking a few minutes to figure out which of the
many operator multiplets shown in table are actually useful in the context of a lattice
calculation of octet baryon distribution amplitudes. To narrow it down to the relevant
operators we first classify the operators by number of derivatives, chirality and twist@
In the case of zero derivatives we have chiral-even higher twist operator multiplets O;_,
chiral-odd higher twist multiplets O3_5, a chiral-even leading twist multiplet Og, and
chiral-even leading twist multiplets O7_g. In general, operators without derivatives are
related to the zeroth moments, i.e., normalization constants. From the relevant definitions
in egs. and f we can see that all leading twist DAs are related to three
quarks in a chiral-odd combination and that we need both, chiral-odd and chiral-even
operators, for the various higher twist normalization constants. The conclusion is therefore
that O7_g should be considered for f? as well as fﬁ #A while @5_5 should be considered
for AP as well as A, and O _5 should be considered for AZ. This leaves O as the odd man
out. Chiral-even leading twist operators such as these are not relevant for octet baryon
DAs, but they do couple to decuplet baryon DAs (which are not discussed in this work).

Among the operators with one derivative we find two chiral-even leading twist multiplets,
Op1 and Opg, as well as two sets of chiral-odd leading twist multiplets, Ops_p4 in 711*2
and Ops_p7 in 7'21*2. The leading twist octet baryon DAs are chiral-odd, hence at first sight
both Ops_p4 and Ops_p7 are candidates for the calculation of the first moments. To be
able to answer the question whether we should use the operators from the representation 711*2
or 721*2 to calculate the first order shape parameters we should first examine which operators
can mix under renormalization.

In principle, only operators with equal mass dimension and equal transformation
behavior under m can mix. With respect to the presentation in table this means
that mixing is only allowed among operators grouped together in one and the same cell,
but not between different columns or rows. In lattice QCD this condition is not as strict,
because powers of the dimensionful regulator a can be used to adjust the mass dimension
of operators. This effectively allows mixing within the same row, e.g., operators a~'O7_g
could mix into Opy_ D4E The mixing of lower-dimensional operators into higher ones

shown in this example is particularly troublesome because it involves negative powers of

44 Chirality and twist of these operator multiplets can be read off from appendix A of [52).

450One might argue that the same could be said about the continuum, i.e., that the mixing should be
allowed because one could just as well use a mass as the dimensionful quantitiy. However, since we are
always working with mass-independent renormalization schemes, the continuum calculation is shielded
from this additional complicacy.
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Chapter 3. Distribution amplitudes and their renormalization

the lattice spacing. In the end we are always interested in the continuum limit ¢ — 0,
meaning that these contributions from lower-dimensional operators can become arbitrarily
large. Still, the renormalized operators should give finite results, hence large cancelations
are required. While one can try to take this mixing with lower-dimensional operators
into account (see [51]), the precision achievable in a calculation that has to rely on the
numerical cancelation of near infinities is of course expected to be much worse than in a
calculation where this can be avoided.

Fortunately, we can indeed avoid these difficulties by working with the operators Ops_p7
instead of Ops_p4. They transform according to the irreducible representation 7'21*2 of m,
where simply no operators without derivatives exist, such that this kind of mixing need not
be considered. However, there does exist a fourth multiplet, Opg, in this representation
which consists of operators with different chirality. In a continuum calculation with exact
chiral symmetry there can be no mixing between these, but in most lattice actions (including
the one we use, see section chiral symmetry is broken [144] and we need to check whether
mixing of Opg into Ops_p7 could spoil the results. Since chiral symmetry is restored in
the continuum limit, an admixture is a power-suppressed O(a) effect. Furthermore, in
the continuum limit all octet-baryon-to-vacuum matrix elements of operators within Opg
vanish identically, even though the operators themselves are nonzero. We have also verified
this property numerically on the lattice. In summary, the admixture of Opg to Ops_p7 is
completely negligible and can safely be ignored in our analysis.

Finally for the operators with two derivatives it should now be obvious (by looking
at table once again) that we will select the chiral-odd leading twist operator mul-
tiplets Opps_ppe from the representation 7'§ of H(4) for the calculation of the second
moments and ignore all other operators with two derivatives. Only for these operators
there is no mixing with other operators containing one or no derivative. One can also see
that there will be no easy way out if one were to consider operators with three derivatives:
Since every row has an entry in at least one of the columns shown, calculations involving
any operator with three derivatives will require that the mixing with lower-dimensional
operators is fully taken into account, no matter what representation one would choose.
This is of no practical relevance yet, as the present lattice methods suffer from increased
noise with each additional derivative and currently going past two derivatives seems not
feasible. Existing lattice results for the second moments of the nucleon already come with
large relative errors of 200%-800% such that the values are compatible with zero [48]@

The opposite of the bothersome mixing described above is also possible. Higher-

dimensional operators can mix into the renormalization of the lower ones (and by nature

46g¢ill, such results are valuable because they provide general constraints for the magnitude of these quanti-
ties. This can at least exclude some nucleon DA models with very large values for the shape parameters.

66



3.4. Operators

this will affect each and every multiplet), e.g., operators aOps_p4 can mix into O7_g. This
behavior is a lot less dangerous though, because it is always suppressed by O(a). Its effects
will safely vanish the continuum limit. Let us end this section with a summary of the

operators which we will use:
o O7_g from 711*2 for the leading twist normalization constants
e O_5 from 7'% for the higher twist normalization constants
e Ops_p7 from 721*2 for the leading twist first moments

e Opps—_ppe from T;*L for the leading twist second moments

3.4.2. The relation between SU(3) and S3

When constructing n-particle states from a set of NV distinct single-particle basis states
there is an interplay between irreducible representations of the symmetric group S,, and
the dimensions of SU(N) representations or, in the language of particle physics, between
symmetry properties and the dimensions of particle multiplets. To illustrate this connection
we need to introduce some concepts from representation theory.

Each irreducible representation of S, can be identified one-to-one with a Young diagram,
that is a set of n boxes arranged in left-justified rows with each row being of shorter or
equal length than the row above it@ In this manner, the Young diagrams are isomorphic
to the partitions of the integer n. Since we are interested in baryons (three-particle states),
let us take a look at Ss3. There are three irreducible representations (see section and

three admissible Young diagrams. The identification is as follows@

T : " T D:I:‘

A standard Young tableau is created by arranging the integers 1,...,n in the boxes of a
Young diagram such that the entries in every row and in every column are in strictly increas-
ing order. The number of standard Young tableaux that exist for a given Young diagram is

equal to the dimension of the corresponding irreducible representation of S,,. For &3 we have:

4"Young diagrams and Young tableaux are powerful mathematical tools, used in representation theory,
combinatorics, algebraic geometry, and other fields. A detailed treatment of their properties is beyond
the scope of this thesis, we refer the reader to [145] for an overview.

48For any S, the diagram with a single row/column corresponds to the trivial/signum representation,
respectively.
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Chapter 3. Distribution amplitudes and their renormalization

™. [1]2] [1]3] T

T :

This reconfirms that 7% and T are 1-dimensional and that T is 2-dimensional. In general,
the number of standard Young tableaux can be calculated via the hook-length formula [146].

Each diagram is assigned a Young symmetrizer, an element of the group algebra that
acts as a projection operator, by symmetrizing along all rows and antisymmetrizing along

all columns. We define

Y = éﬂ;gsgn(ﬂ)ﬂ, (3.39a)
y™ms = %((123) +(213)) o ((123) — (321)), (3.39b)
y™me = %((123) —(213)) o ((123) + (321)) , (3.39¢)

s 1
YS = 67;37r. (3.39d)

In this context, T* is totally antisymmetric, 7" has mixed symmetry, and T is totally
symmetric, justifying our naming conventions a posteriori. The Young symmetrizers are
related to the construction of flavor wave functions. For example, the mixed-symmetric

and mixed-antisymmetric flavor wave functions of the proton are given by
Y™ uud) x 2luud) — |udu) — |duu) , Y™™ uud) < |udu) — |duw) . (3.40a-Db)

A collection of all relevant flavor wave functions can be found in appendix

The dimension of a SU(NV) representation associated with a Young diagram of S, is
given by the number of so-called semistandard Young tableaux that can be built from a
set of NV allowed entries. A semistandard Young tableau is a filling of a Young diagram
such that the entries in each row are weakly increasing while the entries in each column
are strictly increasing. Given an integer N as well as the shape of a Young diagram, one
can directly calculate the number of semistandard Young tableaux using the hook-content
formula [147, Corollary 7.21.4], but for the case we are interested in it is both feasible and
instructive to simply work out all the tableaux explicitly.

To understand SU(3) baryons we need to consider all semistandard Young tableaux that
can be built by filling the Young diagrams of S from 3 allowed entries. The labels used for
the filling are of no consequence; while mathematicians might prefer to use a canonically

ordered set such as {1,2,3}, we will use {u,d, s} with the implied ordering v < d < s
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to hint at the connection to SU(3) flavor symmetry. The complete list of semistandard

S3 Young tableaux with these entries is:

T . z
K
L5 ]

" uu‘ ud‘ uu‘ ud‘
K L4 |5 |5
dd‘ us‘ ds‘ us‘
L5 L5 L5 L4

T (ufela]  [ufala]  [afa]a]  [ufu]s]
lwfals]  [afals]  [ufs[s] lals[s] [s]s]s]

From this we can read off the connection between particle multiplets and symmetry prop-

erties: The totally antisymmetric S3 representation T corresponds to a one-dimensional
SU(3) representation (singlet), the mixed symmetry Ss representation 7" corresponds
to an eight-dimensional SU(3) representation (octet), and the totally symmetric S3 rep-
resentation 7" corresponds to a ten-dimensional SU(3) representation (decuplet). In a
manner which is dual to this, the singlet and decuplet, both of which appear once in the
decomposition of 3 ® 3 ® 3, correspond to one-dimensional S3 representations, while the

octet, appearing twice, corresponds to the only two-dimensional S3 representation.

3.4.3. Symmetry properties of baryons

According to the spin-statistics theorem [66], baryons are fermions. Their wave functions
should be totally antisymmetric under the exchange of all properties (color, flavor, position,
spin) of two constituent quarks. Let us consider the full wave function, a product of color,
position, and spin-flavor wave functions, and analyze each part individually, starting with
color.

Since baryons are color neutral, the three constituent quarks have to form a colorless
SU(3) singlet state. The same reasoning as laid out for SU(3) flavor in section
also holds for SU(3) color and therefore the baryon color wave function has to be fully
antisymmetric. This can be implemented using the Levi-Civita symbol ¢ to contract the
color indices. Moving on to the position part, we only consider ground state baryons with

zero orbital angular momentum, thus requiring a totally symmetric spatial wave function.
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Chapter 3. Distribution amplitudes and their renormalization

This can be implemented by putting all three quarks at the same location (and without
loss of generality we will usually take this location as the origin of our coordinate system).
From this we can deduce that the remaining spin-flavor part has to be totally symmetric.
Using our knowledge from section [3.4.2] we achieve this by taking a product of a totally
(anti-)symmetric spinor structure with a totally (anti-)symmetric flavor structure for the
(singlet) decuplet and by combining the two structures of mixed symmetry in case of the
octet.
Putting these words into formulas, consider a three-quark operator,

SEfifafs 19205 D 1191 (0) [ DF2£,]22 (0)[DF£5]23 (0) (3.41)

ooz, fi2f3

with a spin-flavor structure SF, color indices a;, Lorentz multi-indices ﬂiﬂ Dirac indices «,
and quark flavors f;. Together with the color structure, the product of three quark fields
appearing in such an operator is completely invariant under any simultaneous exchange of
Lorentz, Dirac, and flavor indices, e.g., ji1 <> ji2, a1 <> a9, and f; < fo simultaneously.
As expected, this implies that the only meaningful contributions from SF are those totally
symmetric under any permutation of 1, 2, and 3, i.e., we shall only consider structures that
fulfill

SFfi2fs = SFfrifrafrs VreSs, (3.42)

ala2a37ﬁlﬁ2ﬁ3 Qg Qg Qg sy /7'7r2/7/7r3
where 7; denote the appropriately permuted indices.
For the three SU(3) flavor multiplets we have

. 2z
singlet (.%): SE s i = S avan i (3.43a)
2
ot
octet (O): Sngf‘zQzE’s,ﬁlﬁz% - Z Salazas,ﬁlﬁzﬂsFé,lthfg ’ (3.43b)
t=1
@
decuplet (7): SE ek, fnsofis = Seosasininis g0 (3.43¢)

where SF' is guaranteed to respect eq. (3.42)) by having the spin and the flavor structures

individually transform according to the corresponding S3 representations (see sections

and :

54 _ ma 57
Saﬂ'l a‘rrgaﬂ'37ﬁ7r1 ﬁﬂ'gﬂ‘rr?, - T (F)Sa1a2a37ﬂ1ﬁ2ﬁ3 ’ (344&)
2
ot _ m ot
Sa‘irl Qg Qg sy g g Z[T (ﬂ-)]tt’ Salagag,ﬂlﬂgﬂg ’ (344b)
t=1
2 _ s 2
Sa‘irl C!7r20£7r3,ﬁ7r1 ﬁﬂQﬁﬂ'3 - T (W)Salagag,ﬁlﬁ2ﬁ3 ) (344C)

“In general, any given pair of contracted Lorentz multi-indices is to be understood as Sz, D" =
Z:;FO Spiiyeopiiy,, D1 - D*mi - In practice, we will only consider operators with zero, one, or two
derivatives, i.e., the only nonvanishing contributions in these infinite sums will be those with either

m1 + ma + ms3 =0, mi1 +ma +ms = 1, or m1 + ma + ms = 2, respectively.
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and
F;rlfwgf'/rg — Ta(Tr)Fngf?’ , (345&)
2
Fgt i = 3o (3.45)
t=1
ngjmfwszg — TS(TF)F;L)CQ]% . (345C)

It is clear that these equations alone do not fix all components of S or F, but will provide
some constraints.

Let us for the moment focus on F. Under the natural assumption that for each baryon
only the correct flavor content can contribute to F' (e.g., for the A baryon the only nonzero
components of Fg | are Fglu 9 and permutations thereof) we can use the conditions ((3.45))
to fix all baryon flavor wave functions up to normalization and phase. The former is chosen
in the canonical way, whereas the latter is a question of convention. Our conventions in
that matter are laid out in appendix and the results for the flavor structures F' can be
read off from tables [C.IHC.4], also contained in said appendix.

For the Dirac—Lorentz part S we will retain the useful transformation properties
under H(4) (see section by only permitting linear combinations of operator multiplets
(defined in [52]) from the same H(4) representation. E.g., in the case of 7'11*2 with no
derivatives we consider linear combinations of O7, Og and Og. The constraints are

fulfilled by an octet combination transforming under 7",

t=1: %(07 + Og — 20y) , (3.46a)
t=2: %(07 —Og), (3.46b)

and by a symmetric decuplet combination transforming under 7%,

%(07 + Os+ Oy) . (3.46¢)

Using these constraints from S3 symmetry we can now proceed to find linear combi-
nations of all operator multiplets, improved for the treatment of SU(3) baryons. As far
as the operators without derivatives are concerned, the constraints can be used to
determine all singlet, octet, and decuplet operator multiplets (up to the prefactors that
govern their normalization). They can be found in appendix . For operators with
derivatives the situation is more complicated. The S3 constraints do not fully fix the
allowed linear combinations, leaving us with some remaining freedom. We will make good
use of this by further optimizing the operators with the moments of distribution amplitudes

in mind.
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The shape parameters ¢, are defined such that they do not mix under (one-loop)
scale evolution and can therefore be assigned a one-loop anomalous dimension 7, (see
eqs. ) Hence, we tune the linear combinations of our operators such that they are
eigenoperators of the anomalous dimension matrices that will be calculated in section [3.5.1]
By comparing the =, of the shape parameters to the resulting eigenvalues one can identify
the suitable operators for each shape parameter. With that, the remaining freedom is
fully exhausted (once again, up to normalization) and these operators with one and two
derivatives (corresponding to first and second order shape parameters) can be found in

appendices [C.2.2] and [C.2.3]

Let us recapitulate what information is required to identify a specific operator. We will

work with operators containing a certain number of derivatives which are grouped into

multiplets transforming under irreducible representations of S3 and H(4), therefore each
operator is characterized by a Sz and a H(4) representation, under which the multiplet it
belongs to transforms. Since there can be several such multiplets for each representation
pair, we will need an index to number these separate multipletsm This classification of
multiplets is shown in table [3:2] Furthermore, we will need yet another index if we wish to
pick an individual operator from a multipleﬁ and we can specify a flavor structure as well.
Given this wealth of indices, an example for the nomenclature is in order. Consider, e.g.,

(‘Sﬁ;DD)Jl\L(?)) : (3.47)

This specifies an operator with two derivatives (D D) that is part of a multiplet transforming
under the H(4) representation 7'2é (as indicated by the inner sub/superscript pair). The
83 transformation behavior of this multiplet is denoted by the script capital. In this
case — . stands for the SU(3) singlet — it is governed by the totally antisymmetric
S3 representation. (This part of the nomenclature is based on the associations made
between SU(3) and Ss in the previous section [3.4.2]) Finally, the subscript selects the first
such multiplet, while the integer superscript picks the third operator therefrom and the
letter superscript specifies a flavor structure (here it is that of the nucleon). Admittedly,
this crowd of indices may seem overwhelming, but it is necessary in case one wants to
precisely identify a single operator. Fortunately, the full range of indices shown in this
example will rarely be needed.

At this point some confusion might arise from the fact that we have just named a
singlet operator for the proton, a particle which is certainly classified as an octet baryon.
To clear this up, one should note that the classification of particle multiplets is, just as the

study of the operator multiplet transformation behavior, based on the notion of SU(3) as

59The convention for the ordering is defined by appendix
51The convention for the ordering is defined by appendix A of [52].
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3.5. Renormalization of three-quark operators

Table 3.2.: Classification of the operator multiplets used in this work (analogous to
table . Only the operators relevant in lattice studies of octet baryon distribution
amplitudes are named. Other leading twist and higher twist operator multiplets are
indicated by LT and HT, respectively. The nomenclature is explained in the main text
and the operators are defined in appendix

no derivatives 1 derivative 2 derivatives
dimension 9/2 dimension 11/2 dimension 13/2
o () (61, HT LT, HT
Tgé (yQ%DD)l—Q’ (ﬁ;{DD)l—G’
4
(‘@27,DD)174’ HT
8 LT LT, HT LT, HT
12 12 12
n (01%),, (277), . Lg HT . LT, HT
Ty (‘5/2ﬁ))17 (ﬁQTD)lle’ (‘@ZTD)173 LT’ HT

an exact symmetry. In the real world however, SU(3) flavor symmetry is broken by the
quark mass differences and hence operators whose transformation behavior is denoted as
singlet or decuplet will indeed also be relevant for the renormalization of octet baryon

distribution amplitudes carried out in section

3.5. Renormalization of three-quark operators

In section we have discussed the basics of renormalization concerning Green’s functions
built from simple fields and vertices stemming from the Lagrangian, using the quark
propagator (a two-point function) as an example. Now we move on to a more advanced
topic, namely the renormalization of composite operators. In particular, we are interested
in local three-quark operators. The most generic form of such an operator is

O(x) = SELLR, oy o™ 2 (DM 1)) (2) (D222 () D™ 335 () (3.48)
as introduced in eq. (3.41). Each individual operator is uniquely defined by its spin-flavor
structure SF. Consider now a four-point function involving such an operator as well as

three external quark legs of flavor g;, each with the momentum p;:

F(O’p17p27p3)gllz§%; = €b1b2b3 /d4x1d4x2d4x3 ei DD Ti

x (0]0(0)[g1]3: (1) [g2] 2 (x2) [g5]5 (:3)]0) - (3.49)
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Figure 3.1.: Illustration of a tree-level contribution to the four-point function of an

operator with no derivatives.

In the pictorial representation in figure the local operator O appears similar to a
three-quark “vertex,” although we should keep in mind that there are no three-quark
vertices in the QCD Lagrangian.

The calculation of perturbative corrections to this diagram will reveal new divergences
that are specific to the operator O and cannot be canceled by the Lagrangian’s counterterms
alone. To obtain a finite result for any matrix element involving O one has to define a
renormalization factor for this operator. Therefore, our next task is to calculate the vertex
function in order to identify the divergences. As will become clear below, it is wise to
define the amputated vertex functior@

1
A(Olp1,p2,p3)§' 525 = T(Olp1, p2, p3)5i 5% [S(—p1) ]y 5. [S(=p2) ]y 5. [S(=p3)] 55

where each of the three external quark lines is multiplied by the inverse of a momentum
space quark propagator,

Son(—p) = % / il (1) (0-2) gala (0 _ 1y (3.51)

Before we turn to the calculation of A let us define a very useful object, namely the

amputated flavor-independent four-point function

Q203,01 12 13 _ _aiacasz b1bsb 4 4 4 P> ity
Hﬁlﬁgﬁg H1f2fi (p17p2’p3) — ga1a2a3 bibs 3/d r1d*zod s e D Dit T

3
X <0’H[Dﬁjqﬂ']ii( ;] 6, (x;)]0) H . (3.52)

Some additional explanation might be required with respect to what we mean by flavor-

independent. In H there appear three quark fields (q1, g2, and ¢3) as well as three

52We don’t need to assign any flavor labels to the propagators because the renormalization will be performed
in the SU(3) symmetric limit where all quark masses are equal and the propagator is independent of flavor.
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3.5. Renormalization of three-quark operators

corresponding antiquark fields (g1, g2, and ¢3). First, in this formula there shall be no sum
implied over any repeated flavor index ¢;. Second, the three quark types are implied to be
mutually distinct, i.e., in the calculation of this matrix element the quark ¢; can only be
connected to the antiquark g, but not to g2 or g3. Since all calculations are performed
with massless quarks and since the strong interaction is flavor blind, the resulting H is
independent of any specific choice of flavors.

After inserting the definition of O we can rewrite A in terms of H:

bibabs [ A A A iSpiw
A(O|p1,p2,p3)gllgz%?; - _Sngfsz;?a,ﬁlﬁMSeal@aBg o /d w1diodtes et 2P

3 3
fli .10 = 1bi -1
x (0] H[Du fz]il(o) [Qi]gg (2i)|0) H [S<_pj)}5’ﬂ.
i=1 j=1 o
g 9o 9 NUENTSYTE:
- - Z SFOqtl)ézofsyﬂ?Mﬂ:a 606:10662:;35?31#2% (pm ’pm’pM)
TESs
_ Z SFgwlgwggwg o HOCIOC20637I]1/12113( )
o Qg Qg Qg fhmy P Hirg =~ 818283 P1,P2,P3
TES3
— —6Snggé2zgo‘?37ﬂlﬂ2ﬂ3Hgllg%a33’ulu2ug (p17p27p3) . (353)

Unlike H, A has open flavor indices g;. The quark field f; can, e.g., be connected to the
antiquark field gs if their flavor indices match (i.e., if f; = g2). All these possible contractions
are accounted for at the same time by introducing the sum over permutations w@ We
further make use of the fact that H (by construction, cf. eq. (8.52)) is invariant under
simultaneous permutation of all its indices and that also SF' is totally symmetric (see
eq. (3.42)).

In doing so we have shown that the flavor structure of the operator (contained in SF')
can be disentangled from the four-point function, which is now flavor independent (H). This
is a very useful insight as we therefore do not have to calculate the four-point function A
individually for each operator. Instead, we should calculate the flavor-independent four-
point function H just once, with open Dirac indices. The result can then be contracted
with a spin-flavor structure to obtain A for any desired operator.

To handle all the operators we are interested in, we have to calculate contributions
to H with zero, one, or two derivatives. Starting by thinking about one-loop corrections to
the four-point matrix element of an operator with zero derivatives, cf. fig. we find two
types of diagrams. The first one, fig. has a gluon connecting two quark legs of the
operator, similar to a vertex correction diagram. Such diagrams are responsible for the

appearance of new operator-specific divergences in the four-point function. The structure of

53In contrast to [51] this new approach does therefore not require an explicit calculation of the individual
“crossed” diagrams.
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(a) (b)
Figure 3.2.: One-loop contributions to the four-point matrix element for operators
without derivatives. (The diagrams shown are representative of their respective classes,
i.e., (a) stands for all diagrams where a gluon connects any two of the three quark legs

and (b) stands for all diagrams where a self-energy bubble appears on one of the legs.)

these divergences will be discussed in section [3.5.1] The second diagram type on the other
hand, shown in fig. has both quark-gluon vertices appearing on the same quark
leg. This diagram is one-particle-reducible, i.e., it could be separated into two independent
pieces by “cutting” just one of the propagators. The two pieces are basically the tree-level
diagram for the operator and the self-energy correction to the quark propagator. The
loop corrections to the quark propagator are well known (see sections and and
all information about the associated divergence is given by the renormalization factor Z,.
Therefore, diagrams of this type provide no new information regarding the operator O.
Having introduced the concept of an amputated vertex function above, we find that these
extraneous self-energy diagrams appearing in the matrix element are neatly canceled by
the inverse quark propagators and do not contribute to amputated vertex functions, so
that henceforth we will no longer need to concern ourselves with self-energy diagrams.

Let us move on to the diagrams for operators with one covariant derivative, i.e., those
that give contributions to HE‘;;;QBO‘;”EWQ’ZS with my + mgy + m3 = 1. The single derivative
can act on any of the three quarks, corresponding to m; = 1, mo = 1, or mg = 1. There is
no conceptual difference between these three positions, therefore we will show only one set
of diagrams in figure [3.3] below.

For operators without derivatives, all one-loop diagrams were built using two quark-
gluon vertices, but when we start looking at operators with a derivative the situation
becomes a bit more diverse. On the one hand, covariant derivatives appearing in the
operator, D,, = 8M—igtAA;‘, consist of two parts. The first part is an ordinary derivative and
is of O(1), while the second part contains a gluon field and is of O(g). On the other hand,
quark-gluon vertices appearing in the perturbative expansion, igtAA;W“, are also of O(g).

One-loop order is O(ca), which is of course equivalent to O(g?), and we now have two
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() (b)
(c) (d)

Figure 3.3.: One-loop contributions to the four-point function for operators with one

derivative. Said derivative acting on one of the three quark fields in the operator is indicated
by a dot.

ways to construct such diagrams. First, we can once again have two quark-gluon vertices,
in which case the derivative part of the covariant derivative is needed and will simply lead
to a factor proportional to the four-momentum associated with its quark line. The two
vertices can either both appear on lines that do not feature the derivative, fig. or one
of the vertices can be on the derivative’s quark line, fig. Second, we can also have
only one quark-gluon vertex connected to the gluon field from the covariant derivative. The
single vertex can either be on the same line as the derivative, fig. or not, fig.

Finally, to understand the renormalization behavior of operators involving two co-
variant derivatives we will have to calculate all diagrams responsible for contributions to
Hglﬁo;%ig’mm% with mq1 + mo + mg = 2. Here we have to consider two unequal topolo-
gies: Either the two covariant derivatives can be attached to two different quark lines
(corresponding to m; = mg = 1, mg = m3 = 1, or mg = my = 1), as exemplified in
figure or both derivatives are acting on the same quark (corresponding to m; = 2,
mg = 2, or mg = 2), see figure In any case, the rules for one-loop diagrams are still the
same: Fach diagram has exactly one gluon propagator that either connects two vertices
to each other (subfigures (a) and (b)) or lies between a covariant derivative and a single

quark-gluon vertex (remaining subfigures).
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(a) (b)
(c) (d) (e)

Figure 3.4.: One-loop contributions to the four-point function for operators with two

derivatives, with the derivatives acting on two different quarks.

(a) (b) (c)
(d) (e) (f)

Figure 3.5.: One-loop contributions to the four-point function for operators with two

derivatives, with both derivatives acting on the same quark.
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Now that all diagram topologies for one-loop corrections to the vertex functions of
operators with up to two covariant derivatives have been detailed, they have to be translated
to formulas by use of the QCD Feynman rules. Since the RI/SMOM renormalization
condition is defined in the limit m, — 0 (see section , we shall work with massless
quarks right from the start. We can then proceed with the actual calculation, a task that is
straightforward, yet extensive. The diagrams give rise to a number of loop integrals, which
are made finite by use of dimensional regularization, as introduced in section The
calculation of these various integrals can be tackled using a reduction algorithm [89] that
is suitable for implementation on a computer. All individual contributions (each consisting
not only of loop integrals but also of Dirac and color structures) to the flavor-independent
four-point function H (with either zero, one, or two derivatives) have to be accounted
for and added together. Finally, everything has to be expanded in the regulator e such
that the divergent parts can be identified. These computations have been performed in
MATHEMATICA, a computer algebra system. An implementation of the reduction algorithm
has been provided by N. Offen.

While obtaining H is one of the main achievements of this work, it would be both
very impractical and extremely wasteful of paper to write down the result. Even for the
simplest case without derivatives, H is an object with 45 components (due to having 6 open
Dirac indices), with each component being given by a complicated analytical expression
involving some special functions (polylogarithms or polygamma functions). Thankfully, the
important quantities that can be extracted from H are much more compact and thus the
reader will still be able to enjoy some tangible results, namely the MS Z-factors carrying
all the information on the pole structure of H (in section and the final results for

the renormalization conversion factors (in section [3.5.3)).

3.5.1. MS scheme for three-quark operators

The next goal should be to implement MS renormalization for H. However, for three-quark
operators the procedure is not as straightforward as it was for the quark propagator (cf.
eqs. ) We will illustrate the added subtleties by means of an example: Consider
the individual contribution from a gluon connecting quark legs two and three, akin to
figure In Feynman gauge the result for this one-loop diagram islﬂ

os 1 .
24; E]14 ® YH9" @ vy, + finite terms, (3.54)

54We omit the open Dirac indices and instead use the notation M1 ® Ms ® Ms to denote contributions of

the type (M1)ay 8, (M2)asss (Ms)asss to Hg!g25%. In this way the matrix M stands for a Dirac structure

on the leg of the first quark, and so on. We will also use M®* =M @ M ® M.
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which is written here already in a way that seems to have isolated the divergent partﬂ
Remembering the typical one-loop MS combination 1/¢ defined in eq. (2.53)), one would
therefore naively expect that the MS Z-factor would have to subtract the term

o 1
-1 Hn¥ . .
S 2 14 @7 ® (3.55)

Now let us for the moment assume that at some time during the calculation we had

decided to use the following identity for gamma matrices:

Yu Vv = %[7#77V] + %{'7#7'71/} = %['7#7'71/] + Guv - (3.56)

Since this is an exact identity, it cannot affect the value of the dimensionally regularized

result, but it will affect its notation:

1
2?;; E]14 ® Y'Y @ yuy, + finite terms =
as 1 i
= op ¢ (L@ 3[0",7"1 @ 5[y W] + d1§?) + finite terms
as 1 1 1 ®3 s o1®3 :
= 2422(]14 ® 7 [V 1 @ 3l Wl + 414 ) - 24;.2]14 + finite terms
ag 1
= - (L@ 310" 7"1 @ 5[ ] + 415°) + finite terms. (3:57)

Presented with this form of the result, we might conclude that the MS Z-factor should

subtract the term )
o )
5= (L@ 5[] ® gl ] + 4157) (3.58)

Now we are faced with an ambiguity: Clearly the expressions (3.55) and (3.58) are

not equal, as they differ by a finite term. And yet, both subtraction procedures are fit to
completely remove the divergences from the diagram, all while adhering to the principle
of MS, which is to identify the structures multiplying the 1/¢ poles and then subtract only
these structures multiplied by 1/€ (but not any other finite terms). The ambiguity arises
from the fact that here we can freely rewrite the divergent structures in ways that generate
additional finite terms, as seen in eq. . This is a new behavior that is inherent to the
complex three-quark four-point function with open Dirac indices that we are working with.
It does not occur in simpler quantities such as the quark propagator (which has just one

quark line with a single Dirac structure).

55The full loop calculation leading to this result will not be presented here, but we can give some pointers
as to why a divergent part of such form is not unexpected: There should be two Dirac matrices (one
from a propagator, another from a vertex) on each quark leg taking part in the interaction as well as
a trivial structure on the remaining (fully amputated) leg. Additionally, all Lorentz indices should be
contracted among each other since the diagram has no open Lorentz indices and the divergent part may
not depend on any external momentum vectors.
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The two different approaches presented above are not the only ones. In fact, we can
easily generate a whole family of different finite parts, e.g., by interpolating between the
two cases with a continuous parameter. We might be tempted to ask which one of these
prescriptions actually defines the MS scheme, but there is just no definitive answer to this
question. For quantities like our three-quark operators the definition of the MS scheme is no
longer unique, but there are many ways to define an MS scheme. To get a meaningful result
one can choose any one of these schemes, as long as one takes care that a consistent scheme
definition be maintained throughout all calculations. However, it is of equal importance to
precisely specify which MS scheme is adopted, otherwise the result is effectively useless to
anyone wishing to make exact comparisons or use it as an input value in another calculation.

We have some freedom of choice in selecting our scheme. Instead of simply picking
an arbitrary scheme, we can carefully select one that allows us to reap some additional
benefits. We will elect to utilize the scheme presented in [I35], and the following discussion
shall elucidate the motivation behind this. To begin, let us introduce the general definition

of a fully antisymmetrized product of m gamma matrices:

1
FLT)--Nm = 2‘; Sgn(ﬁ)'yuﬂ- Vi, - (3.59)
TESM

Explicitly, the first few can be written as

0 1 2 1

F( ) = ]14a F/(“) - 7;1,1 ’ Fl(,tl);,l,g - 5[’7;1177;/,2] : (3'6037(:)
Another key definition is that of an evanescent operator, which means a (bare) operator
that vanishes in d = 4 dimensions, but is in general nonzero for arbitrary d. The emergence
of such operators has the same cause as the nonuniqueness of the MS scheme: In noninteger

spacetime dimensions the Clifford algebra becomes inﬁnite—dimensionalm

A typical example for an evanescent three-quark operator is given byrﬂ

T

(q"CT2q) 5T - (3.61)
This operator is clearly evanescent, as no antisymmetrized product of more than 4 gamma

matrices can exist in 4 dimensions, i.e.,

d—4

rem S50 Ymo>d. (3.62)

56For integer d, any product of gamma matrices can be reduced to a linear combination of the 2¢ basis
matrices provided by I’ELT,),,M,” with 0 < m < d. For noninteger d, a basis consists of infinitely many
(m) .
elements, e.g., all ', ., (with no upper bound on m).

57Color, flavor, and position indices are of no relevance to this discussion and are therefore suppressed.
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Chapter 3. Distribution amplitudes and their renormalization

Notwithstanding that evanescent operators are unphysical (they vanish in the physical
dimension d = 4), they can still affect other physical operators through the mixing under
renormalization. As a reminder, the renormalization has to be performed in d = 4 — 2¢
dimensions (where evanescent operators can exist). Only after the renormalization has been
carried out and everything has been made finite can we return to 4 dimensions. Therefore,
the existence of evanescent operators can affect the values of the renormalized vertex
functions of physical operators. The other way round, the renormalized vertex functions of
evanescent operators can become nonzero (through contributions from the mixing with
the physical ones), even though the bare operators are zero. Furthermore, these operators
may also mix under renormalization group scale evolution via the anomalous dimension
matrix, meaning that even if we found a situation where matrix elements of evanescent
operators turned out equal to zero at some scale, this need not hold after evolution to any
other scale.

The concept of evanescent operators is not specific to our subject of baryon DAs. Their
effects have been examined for quite some time, and methods to treat them properly have
been found. A class of operators for an effective treatment of the electroweak interaction
has been studied in [I48], where an MS scheme in which renormalized evanescent operators
vanish has been proposed. In this scheme the anomalous dimension matrix for physical
and evanescent operators is upper block triangular, such that the Green’s functions of
evanescent operators can be kept at zero under evolution to any scale. Further research
has shown that this construction is still not unique, as the upper block triangular structure
can be kept intact under a change in the basis for the evanescent operators that induces
changes in the physical part of the anomalous dimension matrix [149].

Specifically for three-quark operators, a new scheme was developed in [135]. It is
designed for the calculation with open spinor indices performed in our work, and henceforth
the label MS will always refer to this particular scheme. The definition is as follows:
Vertex functions of three-quark operators are to be calculated with open indices. All
structures multiplying 1/e poles are to be brought into a form consisting entirely of
fully antisymmetrized Dirac matrices (as in our example, eq. ) Only these fully
antisymmetrized structures (with the usual MS prefactor 1/€) are subtracted in order to
obtain the renormalized result. For operators with a Dirac structure the renormalization
is defined as the contraction of said Dirac structure and the renormalized operator with
open indices. Since the renormalized three-quark operator is an object in 4 dimensions,
the Dirac matrices can be taken to 4 dimensions as well, meaning that all renormalized

evanescent operators automatically vanish in this scheme, e.g.,

(47O )80 )™ = (CT7) (5T ). ] = 0. (3.63)
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3.5. Renormalization of three-quark operators

Therefore, renormalized results in this MS scheme cannot be affected by evanescent
operators and we will not have to involve any of them in our calculations. Furthermore,
this approach also avoids any subtleties that can arise from the extension of the matrix s
to d # 4 dimensions [150].

In [135] the MS Z-factor for three-quark operators without derivatives has been deter-

mined in Feynman gauge to two-loop order. To one-loop accuracy the result is

ag 1
Z =Too0 — ﬁg(ﬂm + ooz + I'ag0 + 12Tg00) + O(a2), (3.64)
using the shorthands
Togo =0 @ T g ©® = 183 (3.65a)
1—‘022 = F(O) & FI(LQV) ® F/(,LQIJ) - 14 ® %[7#7 P)/V] ® %[’yﬂ’ 71/] ’ (365b)

and so on. We confirm that for operators without derivatives this Z-factor removes all
divergences from the one-loop four-point function,

: MS o ol ol
[Hgllﬁoézﬁ(zg (Pl,Pz,pg)] = Zglllggggﬂﬂllﬁ;ﬁ; (p17p27p3) ) (366)

and we also generalize the result from Feynman gauge (£ = 1) to linear covariant gauge

with arbitrary gauge parameter &:

ag 1 ag 1
Z =To00 — E=—=Tp00 — -
000 g27r e 07 oure

(To22 + T202 4 I'a20) 4+ O(a2). (3.67)

The physical anomalous dimension matrix for operators without derivatives can be

calculated as

ey (G o)

In [I36] it has been determined in our scheme, to three loops. The one-loop resultﬂ

Qs

T="1or (To22 + T2 + Tagg) + O(a?), (3.69)

is gauge and scheme independent. The one-loop anomalous dimensions for the leading
twist and higher twist normalization factors, given by eq. and by the exponent
in eq. (3.24)), respectively, are equal to eigenvalues of this anomalous dimension matrix
divided by «as/(27).

8To correctly reproduce this result starting from eqs. (3.67) and (3.68)) one has to bear in mind that the
QCD beta function, given in eq. (2.26]) for 4 dimensions, comes with an additional contribution of —eas
when evaluated in 4 — 2¢ dimensions, see, e.g., [I51].
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Chapter 3. Distribution amplitudes and their renormalization

For operators including one derivative, the structure of the Z-factor is even more
complicated. In addition to the (4 x 4)®3 matrix structure (encoded in the T'y,,,) that
operates on the open Dirac indices, we now have an additional 3 x 3 matrix structure
representing the mixing between operators that have the covariant derivative acting on the
first, second, or third quark. For the flavorless amputated four-point functions with one

derivative, the MS renormalization is given by[’]

M78 ! ! /
s (1,02, 3) Hy 5 %" (p1, p2, p3)
Hy oo™ (01,02, 03) | = 20 oiar Hgljéf@if’*’“’*(pl,pz,ps) , (3.70)
Q1O203, 5, A OOz,
Sutngs . (PLD2,D3) Hy o2~ (p1, p2, p3)
where
o 1 as 1
Z=13®To00 — {->=13® oo + -~ =13 ® (To22 + I'202 + Ta220)
21 € 367 €
Fo22 Ta20 T'202 2 -1 -1
Qg 1 2as 1 2
too | P20 Taoz Tooz |+ 52| -1 20 —1 ®Too0 +O(az)  (3.71)
Fop2 T2z T'220 -1 -1 2

is our one-loop result for the Z-factor. The one-loop anomalous dimension matrix is

Qs
= 1 T T T
7= 18y 8 ® (Pog2 + a2 + azo)
Lo22 T'agp T'2p2 2 -1 -1
Qg 4045 9
+ FQQO F202 F022 + -1 2 -1 X FOOO + (’)(as) s (372)
367 9
Ia02 I'g22 T'aog -1 -1 2

and the anomalous dimensions for the leading twist DA shape parameters of up to first
order given in eqs. (3.20a—c|) are equal to eigenvalues of this matrix divided by «a;/(27).
For operators with two derivatives, the MS Z-factor can be found in appendix

3.5.2. RI’/SMOM scheme for three-quark operators

In addition to the destination MS scheme detailed above, we also need to specify the
intermediate nonperturbative scheme that will be implemented on the lattice. In our
case, we will be using an RI/SMOM scheme, where RI’ refers to a regularization-invariant
prescription as discussed in section and SMOM denotes a symmetric choice for the
renormalization point. The main motivation behind chosing this particular kind of scheme

lies in the quest for smaller errors.

9In the most general case, the four-point function has three Lorentz multi-indices. For contributions with
one derivative, only one of these does contain a single Lorentz index, while the other two are “empty.”
We visualize these empty multi-indices with underscores to clarify the position of the derivative.
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3.5. Renormalization of three-quark operators

A benchmark quantity for lattice renormalization and conversion to MS are the light
quark masses, where the uncertainty due to renormalization (which was 9%) used to be the
dominant one, amounting to half of the total error [I52]. Through the development of new
methods, such as these SMOM renormalization schemes, this uncertainty (especially the
part due to the perturbative matching) could be greatly reduced. For lattice determinations
of the MS light quark masses the renormalization procedure now gives a much smaller
2% error [I53]. In the following we will apply such a modern SMOM scheme to the

nonperturbative renormalization and perturbative matching for baryon DAs.

SMOM renormalization point

The definition of a renormalization point amounts to the specification of a momentum
configuration that fixes all of the involved invariants by relating them to the renormalization
scale . The four-point function of a three-quark operator, cf. eq. and figure
depends on three external quark momenta, which we denote as p1, p2, and ps. A typical
MOM scheme might set all three external momenta to the same length, while keeping their

sum, i.e., the total momentum flowing into the operator, at zero [136]@

2

2=pi=pi=p%,  withp, +py+ps=0. (3.73)

p
Since we have a sum of momenta which vanishes, this is a so-called exceptional momentum
configuration.

Adverse effects of such kinematics in lattice simulations have been discussed in [I54],
where it has been observed in a study of quark bilinear operators that the impact of low-
energy behavior (in their case: chiral symmetry breaking) may not be sufficiently suppressed
in the regime of very large momenta if the momentum configuration is exceptional, cf.
also [I55]. In a subsequent publication a new symmetric and nonexceptional momentum
geometry has been used for the vertex functions of two-quark operators [I56]. In this
new scheme, which has been dubbed SMOM, the operator is no longer inserted at zero
momentum. Instead, this momentum now has the same magnitude as the momenta of the
external quarks.

It is argued that, compared to exceptional kinematics, SMOM has a better suppression of
unwanted infrared contaminations [I56]. A numerical test of this claim has been performed
for the quark mass renormalization in [I57]. In addition, nonexceptional momenta also
exhibit a faster convergence behavior in the perturbative expansion of renormalization

scheme conversion factors. In [I58] [I59] it has been found that the one- and two-loop

59The equation refers to Euclidean spacetime. In Minkowski space one would have to set the squares equal
to —u? instead, i.e., the method is restricted to the deep Euclidean domain.
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Chapter 3. Distribution amplitudes and their renormalization

corrections for SMOM-to-MS conversion factors are significantly smaller than the respective
terms in the perturbative expansion of MOM-to-MS factors. In fact, already the one-loop
corrections for SMOM are smaller than even the third order terms for MOM. This points
to a vastly improved convergence behavior that allows one to greatly reduce the systematic
error attributed to the perturbative renormalization scheme matching. Further advantages
of SMOM are that correlators evaluated with nonexceptional momenta have improved
signal-to-noise ratio and that the mass dependence is very mild [96].

In light of these developments we will therefore also use such a nonexceptional, symmetric
configuration for the renormalization of our three-quark operators, which is in contrast
to previous work on the subject [52] [125]. The generalization of the SMOM concept from
two to three quarks is not unique, as having more momenta opens up some additional
degrees of freedom. For two momenta, merely imposing the condition that the geometry
should be symmetric automatically fixes all three invariants and ensures a nonexceptional
configuration. On the other hand, the geometry of three four-vectors is characterized by a
total of six independent invariants (p?, p3, p%, D1 Do, D1° D3, and py- ps). Any symmetric
setup for three momenta does require that the individual momenta on the external quark

lines have the same magnitude as their sum,

Py =05 =p3 = (p1 + 0y +13)° = 4>, (3.74)

which gives us only 4 conditions for these 6 quantities. Furthermore, this symmetry
constraint alone does not guarantee a fully nonexceptional configuration, as variants with
vanishing partial sums such as p; + p2 = 0 are not yet excluded.

At this point we are again faced with a choice, because there are still many different
nonexceptional configurations that we could select based on the conditions. From these
equally valid but not equivalent options we pick

pi=p5=p3=(p+p)> = (P +p3)* = (py +py+p3)° = p° (3.75)

as our SMOM setup (and from now on the label SMOM will always refer to this particular
geometry). Of course we did not select a configuration at random, but rather decided on
one that comes with some extra properties that will be useful to us. When evaluated on
this momentum configuration, the tree-level vertex functions of our three-quark operator
multiplets with derivatives are linearly independent, which is not necessarily true in general.
We will make use of this quality in section While an equation like fixes the
momentum geometry in an O(4)-invariant manner, an actual calculation will often require
explicit expressions for the momentum components. Our SMOM configuration has the

advantage that it can be neatly realized in the form of Euclidean four-vectors using only
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3.5. Renormalization of three-quark operators

small integers, for example as

p1=5(+1,+1,41,41), (3.76a)
p2=4(-1,-1,-1,41), (3.76Db)
p3=4(+1,-1,-1,-1), (3.76¢)

which is what we have used whenever an explicit form of the momenta was needed.

RI’ renormalization condition

The second piece required for the definition of an RI/SMOM scheme for three-quark
operators is the formulation of a well-defined regularization-invariant renormalization
condition. Such a construction will have to mimic the properties that we have observed
from the RI’ condition for the quark propagator, eq. . L.e., the renormalized function
is defined by enforcing a certain value for its projection onto the Born term. While the
principle will be the same as we have seen before, there will be some key differences that we
need to take into account. Instead of simple two-point functions we are now dealing with
four-point functions with open flavor and Dirac indices as defined in eq. . Moreover,
the renormalization condition will need to properly handle the possibility of operators
mixing under renormalization.

Given a number of mixing three-quark operators one might naively try to impose the

following condition for a pair of operators (let us call them O,, and O,,):

. RI Born L Born Born
n}}gom (Om), AZ(On)) ’SMOM riq—>o<A (Om), AZ(On)) ‘SMOM ’ (3:77)

where A is the amputated vertex function (3.50)), SMOM denotes the evaluation at the

symmetric renormalization point defined in eq. (3.75)) above, and

=D MORE (VLR (3.78)
J1:02,f3
Q1,002,003

constitutes a scalar product (on the space of the vertex functions) that contracts the flavor
and Dirac indices.

However, such a definition of the renormalization condition is actually not very useful,
as will become clear when we now examine the transformation behavior. In section B.4.]
we have discussed three-quark operators that transform as multiplets under the irreducible
spinorial representations of H(4). Let O denote the i- th operator in a multiplet that

8 12

4 12
transforms under the representation R (where R can be 7'1, Ty, T, Ty, OF Ty, introduced
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Chapter 3. Distribution amplitudes and their renormalization

in section [2.2.3)). From the transformation behavior of operators, spinors, and vectors we
can deduce that the vertex function of @@ fulfills

MOV py, p2, p3) 38, = (R [ ()], o [ @)1, [ 9],

MOV |7 (@)1, (w27 (9)ps) 12, (3.79)

a1a2a

for all g € H(4). Therefore we have for the scalar product involving two of these four-point

functions (where (95,? shall denote the i-th operator in the multiplet O,,):

(MO |p1,p2, p3), AOD |p1, p2,p3)) = [R(9)] 4 R(9)1];
x (MO 7 (g)p1, 71 (9)p2. 71 (9)p3), A (O |7 (9)p1, 71 (9)p2, 7 (9)p3) ) - (3.80)

This equation exposes a flaw in the naive renormalization condition a la eq. (3.77): The
construction is not H(4) invariant. But it also shows us a way around: If we take the sum

over all operators in the multiplets, then the representation matrices R(g) drop outE

> (AOD|p1, 2, p3), MO |p1, pa. ps)) =
' :Z<A(O£;?‘Tf( p1771(9)172771(9)193)7A(Og)‘Tf(Q)pl,Tf(Q)m,ﬁ(9)p3)> (3.81)

leaving us with an object that is invariant under rotation of the three quark momenta.
Therefore, the multiplet-averaged Born overlap

(LS( = lim Z<AS ABom((%)f’(i)

mq—0

)>‘SMOM ’ (3.82)

which will be the foundation of our RI/SMOM renormalization condition, is well defined:
Since all SMOM configurations are isometric to each other, it takes the same value no matter
what explicit directions we select for the momenta. Some further remarks on this definition
are required: First, the letter # stands for a combined label indicating the transformation
behavior with respect to H(4) and S3 as well as the number of derivatives. The relevant
values for # are ﬁ’f, .@11*2, 5”1*, ﬁf, 5”2%, ﬁQD’ @;2[), nyD? ﬁgDD, and .@2 pp» shown
in table on page Second, the operators inserted in the vertex functions on the
right-hand side depend on the baryon species and there is no sum implied over the repeated
index B. Instead, the object L is independent of B by constructionﬁ Third, the letter S

51Tn this equation the sums over repeated (4) run from 1 to the dimension of the representation R, which
can be 4, 8, or 12.

52The corresponding operator multiplets (ﬁ)ﬁ are defined in appendix

53This can be seen by inserting explicit expressions for the vertex functions (equation ) and the flavor

structures contained therein (tables C.4).
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3.5. Renormalization of three-quark operators

specifies which type of vertex function is to be taken. In our calculations, it can indicate
the vertex function renormalized in a certain scheme (S = MS or S = RI') as well as the
noninteracting (S = Born) or lattice regularized one (S = lat).

With that, we can finally state the renormalization condition:

U

LRY(%) = LB™ (). (3.83)

This is, in general, an equation of matrices. The dimension of these square matrices is given
by the number of multiplets that exist for the given &%, which can be read off from table
With our choice for the SMOM geometry, eq. (3.75)), it turns out that the matrices L have
full rank and are therefore invertible.

We will use this RI/SMOM scheme for the nonperturbative renormalization of three-
quark operators. From the condition given above, it should immediately be clear how to
obtain the RI/SMOM Z-factors. In particular, for the calculation on the lattice we have

Zlat,RI/(%) _ LBorn (%) (Llat ((@)) -1 )

(3.84)
In the lattice study accompanying this work the vertex functions required in the calculation
of these renormalization factors have been determined on lattices of volume 32* with degen-
erate quark masses (m, = mg = ms). From simulations with four different pseudoscalar
meson masses in the range 232-605 MeV the results are extrapolated to m2 = m%( =0,
which corresponds to the limit mg — 0 required in the renormalization condition. The
SMOM momenta are set using twisted boundary conditions [160} T61] in the inversion

of the Dirac operator. More information on the lattice setup will be provided in section [4.3

3.5.3. Conversion to the MS scheme

Up next is the determination of the conversion factors from the RI/SMOM scheme to the
MS scheme. This part of the calculation will be performed in continuum perturbation

theory. We are looking for matrices C' that fulfill
IMS(%) = C(%) LR (%) . (3.85)

In principle, one could obtain C(Z) as the product of an MS Z-factor for Z with the inverse
of the corresponding RI/SMOM Z-factor. However, from the RI/SMOM renormalization
condition, eq. (3.83), it follows that these conversion factors can also be obtained by

evaluating

C(#) = LM (%) (LP™ (%)) ", (3.86)
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which is what we will be using. Similar to the determination of the conversion factor
for the quark fields via eq. , using this method means that one does not have to
carry out any continuum RI/SMOM renormalization explicitly. Instead, knowledge of the
MS renormalized vertex functions is sufficient.

Since we have already laid out both the perturbative calculation of the four-point
functions and the MS renormalization procedure earlier in this chapter, we can directly
proceed to giving the final results for the conversion factors. These results have been
obtained in next-to-leading order perturbation theory and will be presented in Landau gauge,
as this is the gauge that will be used in the determination of RI/SMOM renormalization
factors on the lattice.

For operators without derivatives, the multiplets in the H(4) representations 7‘11*2 and 7'14
are relevant for the renormalization of the octet baryon DA normalization constants of
leading and higher twist, respectively. The RI/SMOM-to-MS renormalization conversion

factors for these multiplets are given by

c(of) =c(7t). (3872)

O(78) =1+ (-5 - a + B+ Fu(d) - Fn(d).  Gsm)
and

C(A) =1+ (F+#n+3m@) - fni(3) -3 (d)). (3.882)

o(o1) = ()1, (3:550)

with the trigamma function

P1(z) =

d? /Oodt te 1 Y1 (3) ~ 10.0956
0

1
— In(I'(2)) = ) !
a2 (I'(=)) 1—et Y1(3) ~ 17.1973. (3.89a—c)

For the renormalization of first moments of DAs we consider operators with one
derivative in the H(4) representation 721*2. The conversion factor for the singlet multiplet is
given by

12y _ Qs (707 _ 3625 2 | 17 131, (1 7 1
C(Sp) =1+ E(‘Tsz ~ g3 + 5 0(2) + ¥ (3) - Tsswl(z)) : (3.90a)

For the octet multiplets we have a 4 x 4 mixing matrix with the diagonal entries

C(O%) =1+ (-8 - 3+ S @) + kv () - Huid)),  (3.900)
C(03%) =1+ 1 (38 - JB + Bm@) + o (d) + $ru(d)),  (3:900)
C(ﬁgD)ss - C(yZ%) ) (3.90d)
C(O3) =1+ (-7 B+ 4@ + S (3) + 3xva (3)) - (3.90¢)
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3.5. Renormalization of three-quark operators

As the only nonvanishing off-diagonal entries we find

12 12 Qs 2
C(ﬁz,D)m = 4C(ﬁQ,D)12 = \/5477 (_é;il - %W - 27 hl( ) %7/}1 (% + 1081/)1 % )

Similarly, we get a 3 x 3 mixing matrix for the decuplet multiplets, where the nonzero

components are

C(DyD) o = C(O3%) 0 Ymume {1,2}, (3.90g)
C(Zp)ss =1+ 7(—% — B2 (@) + o (3) + () (3.90h)

Since the result for the conversion factors of operators with two derivatives are a bit unwieldy,

they have been hidden from the casual reader’s eyes and consigned to appendix

3.5.4. Renormalization of baryon distribution amplitudes

In the previous two sections we have discussed how operator multiplets transforming
irreducibly under representations of H(4) can be first renormalized in a RI/SMOM scheme
and then converted to the MS scheme. Now it is time to combine this information and
apply it to quantities that are relevant in practice, i.e., to baryon DAs.

From the discussion in section we already know that the relevant operators for
the renormalization of leading twist normalization constants, higher twist normalization
constants, and first order shape parameters originate from the representations 711*2, T%,

12 . . . .
and 75, respectively. Therefore, we define the combined renormalization and conversion

factors as
glf — (C Zlat,RI/)S/Q C(%IQ)Zlat,RI’(%IQ) for A € {ﬁ, @}7 (3.91&)
79N = (C, 2R () 7R () for M € {7, 0%, (3.91D)
Z///gm _ (CqZ(llat’RI/)g/Z C(%;TQD)ZIM,RI’(%;TQD) for A € {y) 0, _@}’ (3.91C)

including also the necessary quark field renormalization and conversion. As a whole, these
products are always gauge invariant.

At the flavor symmetric point, the DAs are independent of the baryon species and
we have one leading twist normalization constant (f*), two higher twist normalization

constants (A}, A3), and three different first moments (¢ (1), 11, ¢70)- The renormalization
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of these quantites is governed by the (octet) factors defined aboveﬁ

fr=2z ol (3.92a)
lat

6] 6]
Vo) _ AR VoA , (3.92b)

A3 A3

. « lat
%00,(1) ¥00,(1)

V201 = 77 V27 ) (3.92¢)

\/§ <Pfo \@ﬁpfo

where the superscript “lat” appearing on the right-hand sides indicates unrenormalized
lattice data, while everything on the left-hand sides is now renormalized in the MS scheme.
The various square root factors result from an interplay between the normalization factors
of operators and observables.

Away from the symmetric point the situation is not as straightforward. All DAs become
baryon dependent and new normalization constants as well as new shape parameters
belonging to the now independent DAs II? emerge. SU(3) flavor symmetry is broken and
hence operators with the transformation behavior of singlet or decuplet now also have an
impact on the renormalization of octet baryon DAs. The full renormalization patterns
can be determined by expressing all normalization constants/shape parameters in terms of
moments of standard DAs (cf. the definitions in sections and , connecting these to
linear combinations of the operators designed in this work (cf. the definitions and relations
in appendix , renormalizing each multiplet with the appropriate renormalization and
conversion factors from the equations above, and finally re-expressing everything in
terms of normalization constants/shape parameters.

In the leading twist sector one has a second normalization constant fﬁ #M for all isospin-
nonsinglet baryons. The renormalization factors assigned to the transformation behavior

of the octet and the decuplet need to be combined to obtain the renormalization matrix:
FBAN 1 (700 40798 9700 _oz9r\ [ B\

FBAA =3\ gor_ gor  9gor g ) (3.93a)

A= z0F pMlat (3.93b)

If fB7A = fB (as is the case for the nucleon and for the SU(3) symmetric limit), the first
equation reduces to a multiplicative renormalization with one and the same factor Z97.

Thus the result at the flavor symmetric point given earlier is reproduced correctly.

647041 ig a 4 x 4 matrix by definition because there are 4 leading twist operator multiplets in the
representation 721*2. In eq. the symbol Z9%1 is implied to stand only for its upper left 3 x 3 block.
The fourth row and column serve only to describe mixing related to the operator Ops, which is highly
suppressed and therefore neglected, see section @
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3.5. Renormalization of three-quark operators

In the higher twist sector it is the A baryon which gains an additional normalization
constant ()\%) when going away from the symmetric point. For all other baryons, the
leading twist normalization constants are still renormalized with the 2 x 2 octet matrix Z7?,
but for the A this matrix mingles with the singlet factor Z“* to describe the mixing of

the three higher twist parameters:

(‘@A{#A> = 79 (‘@A?)m (3.94a)

A\B#A B
, ) lat
VEAL , 200 42277 270X — 277N 3200\ [VEAM\
Vorh | = 5 20N — 77N oz0x Lz 3700 || Vb | (3.94b)
Ay ZEA 279> 3Z%) Ay

Again, the larger mixing matrix reduces to Z9* at the symmetric point, where Ay = )\/1\.
In the case of the first moments of the leading twist DAs we work with the H(4) repre-
sentation 7'%*2. Here, operators transforming according to all three representations of Ss
exist, cf. table We have one singlet multiplet (renormalization factor Z*#1), four
doublets of octet multiplets (renormalization matrix Z ﬁﬁ"l), and three decuplet multiplets
(renormalization matrix Z7%1). The DAs ITB#" are @, -like and lead to two shape pa-
rameters (ﬂ(])gf(/l\), W{BI#A) corresponding to symmetric polynomials, whereas the DA TIA is
®_-like and has a shape parameter (71'{\07(1)) corresponding to an antisymmetric polynomial,

cf. section The renormalization pattern is
lat

B P e A
oo () ) H 2 3215 To0.(1)
\/E‘Pﬁ#\ ~ 3 B¥1 B ?’Zéﬁ:;% \/590{31 ) (3.95a)
\/571'{317&/\ 2t 22 E}Zf:;fp1 ﬂwﬁ
\/icpﬁfé/\ ng 225901 ng 2252@1 323@01 \/590{5(’)
@80,(1) 3Z1(}1>g01 3Zg<p1 Zl@ol Qngl @80,(1) o
ik | _1fszie sz g amge || vash .
Vaely | 3|3zZ" 3757 B Va3 | |
V2rhy SZ?ﬁ“"1 SZ?‘ZW1 % V2l

where the interaction between renormalization factors corresponding to different S trans-

formation behavior is encoded in the 2 x 2 blocks

B;p;; _ ZZPI _ Z;j@l 222291 + Zi?@)l ) 14T
<233‘P1 2279 2258 — 277 w) fori— i3 (3.96)
Z57r — 770 2788 77 e '
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Chapter 3. Distribution amplitudes and their renormalization

In the SU(3) symmetric limit some of the shape parameters coincide (ﬂ(’)%fé(/l\) = 900%,(1)7
Wﬁﬂ‘ = 4,01131, and ﬂfo = gofo), such that both equations become equivalent to eq. .
At the order of the second moments there will be up to 10 different shape parameters which
mix under renormalization. The corresponding formulas can be found in the appendix,
equations f.

With the information given in this section we now know everything that is required for
the renormalization of normalization constants and shape parameters. This therefore con-
cludes our theoretical discussion regarding the renormalization of octet baryon distribution
amplitudes. The next step will be to establish a lattice framework where these quantities

can be measured.
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Chapter

Application to lattice data

4.1. Overview

The development of the renormalization procedure in this work is embedded in an ongoing
research effort aimed at providing precise results for the normalization constants and
moments of baryon distribution amplitudes. It comprises the first lattice study of baryon
DAs using Ny = 2 + 1 dynamical flavors, i.e., including the effects of strange quarks. The
main selling point of simulations with a dynamical strange quark is that they will grant us
a first look at hyperon DAs. The correlators designed to measure moments of SU(3) baryon
DAs are given in section [4.2] below.

Our lattice simulations employ state-of-the-art methods, see section for a few
technical details on the lattice setup. As part of the coordinated lattice simulations (CLS)
effort we will have access to a wide range of lattice ensembles including pion masses down
to mx ~ mE™S, lattice spacings down to a &~ 0.04fm and lattice sizes up to 643 x 192.
Utilizing their high statistics it will be possible in the future to obtain physical results for
the desired quantities and to study sources of systematic errors. In [49] we have recently
published early results using just 4 lattices at the single lattice spacing a = 0.0857 fm. Via
chiral perturbation theory the data have been extrapolated to the point of physical meson
masses, cf. section The results will be presented and discussed in section

4.2. Lattice correlation functions

As mentioned in section lattice QCD allows us to access moments of the DAs. They
are related to matrix elements of local three-quark operators. Lattice calculations of
baryon distribution amplitudes customarily [45H48] employ operators which are in the

form of four-spinors, such as the one given in eq. (4.1) below. Regrettably, the relation
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Chapter 4. Application to lattice data

Table 4.1.: Definition of the Dirac matrix structures that appear in the local operators
used in the lattice calculation, see eq. (4.1). Lorentz indices appearing in both F;VF and [

are summed over implicitly.

X S P Y A T Vv, A, T,
Fff ’ 14 Y5 Tn V5 Oming Yo Yo V5 10y
r Y5 L %W M OmmYs s Ly s

of these objects to the multiplets of operators transforming irreducibly under H(4) is not
immediately apparent. Nevertheless, the operators presented in the course of this section
are indeed members of such multiplets and the relations are made explicit in appendix

For the construction of the lattice operators we start from the building block whose

general form reads

i — ote ([i Dpf " (0)]"CT [ Dag(0)]" ) [i" Dah(0)] (4.1)
Here we use a multi-index notation for Lorentz indices, in particular for the covariant
derivatives, Dy = Dy, --- D,,, with the integers [, m, and n specifying the number of
derivatives acting on the first, second, and third quark, respectively. The quark flavors f, g, h
are again set according to the convention for the baryon B specified in eq. . The Dirac
structures that we consider, F;V; and T are listed in table Xr=S,P,V,A,T are
used for the higher twist normalization constants, while A7 = V,, A,, 7, correspond to
leading twist.

Moments of baryon DAs can be extracted from the ground state contribution to the
two-point correlation functions. Neglecting the exponentially suppressed excited states,

the correlation functions can be written as

VB _ _
(O (£ P)INZ (0) = 57 Z 010, (0)[B(p, A)) uli (p, Ne 7", (4.2)
with the ground state energy Ep = Ep(p) = V/ m2B + p2, where we assume the continuum
dispersion relation. Here and in the following the source always sits at the origin, while
the operator is projected onto the three-momentum p. As sources for the baryon fields we

have used the following interpolating currents (color antisymmetrization is implied):

= (' Cysd)u, (4.3a)
N = (d"Cyss)d, (4.3b)
NE = (sTCysu)s, (4.3¢c)
NA = %( (' Cvsd)s + (u"Cyss)d + (sTCysd)u) . (4.3d)
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4.2. Lattice correlation functions

The other baryons can then be obtained by means of isospin symmetry. In a lattice
simulation a process called smearing (see the next section) will be applied to the quark
sources in the interpolating currents. This introduces a momentum-dependent coupling
VZp = \/T(p) into the correlators, which describes the overlap between the smeared
source operator and the physical baryon ground state. This quantity can be determined by
measuring the smeared-smeared correlator

mp + kEp o

VB (L 0)NEO)(14) ) = 252
B

(4.4)

where contracting with v = (1 + kv4)/2 using k = mp-/Ep+ suppresses the leading
negative parity contribution [48], 162]@ The next step will be to define suitable operators
and their corresponding lattice correlators that allow for the extraction of the moments X ffnn
(X =V, AT).

4.2.1. Leading twist — normalization

In order to extract the leading twist normalization constants, the following linear combi-
nations of operators are constructed such that their matrix elements do not contain any

contributions of higher twist:

B,000 B,000 B,000

Oy =N +7X (4.5a)
B,000 B,000 B,000

O)@% = —73 X3 + 7, Xy , (4.5Db)
B,000 B,000 B,000 B,000 B,000

Oye =-mn¥ — Yoy + Y345 + 74X ; (4.5¢)

where X can be V, A, or 7. For each X, these three four-spinors of operators are related to a
12-dimensional operator multiplet belonging to the H(4) representation 7‘11*2, cf. eq. (C.18]).

The leading twist baryon couplings can be determined from the following correlation

functions:

(1, p) = (1O (1, 9)), NE(0) (74) 1)

= cxXgho @WeEm ; (4.6a)
vl (t,p) = (1O m° (£, ), NE(0) (7))

e X8/ ZpEEms +;fB) + kD3 Pt | (4.6b)
CRe (8, p) = (1O (¢, ), NF(0) (04 ) )

_ exXB, /75 EBms + kEB)E+ kWt 405 —95) - pt (4.60)

B

55B* denotes the negative parity partner of the baryon B.
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Chapter 4. Application to lattice data

where ¢y = ¢4 = 1 and ¢y = —2. Again, X can be V, A, or 7. In practice we want
to determine the coupling constants using zero-momentum correlators as they are less
noisy and, therefore, can be measured with higher accuracy. For 0/1\3;,(2)[00 the ground state

contribution vanishes for p = 0, thus we consider only C’fj’%oo(t, 0) and Cfg’goo(t, 0).

4.2.2. Leading twist — moments

First moments of DAs can be calculated utilizing operators containing one covariant

derivative. For [ +m + n = 1 we define the leading twist combinations

Bl Bl B, B, B, B,
OX7QLmn = +7173X{13£nn + 7174')({14;1” - 7273')({23;1” - /7274‘)({24?”1 - 271’72/‘{{12?” )
Bl Bl Bl Bl Bl B,
OX;Q” = +7173X{1’3?m — 71’7495{121;1" + 727395{2’3?’” - 7274/'\7{221;{”" + 2%749({311?”,
I ! ! I I
Ord™ = =X "+ nnX " + 12X — X (4.7a—c)

where the braces indicate symmetrization of indices including the appropriate factorial
normalization factor. These operators are from the representation 721*2, cf. egs. (C.19).
For the calculation of the first moments of the leading twist DAs one can use the

correlation functions (I +m +n =1)

Comt' (t,p) = (unOF g™ (t.p)), NZ(0)(4) )

= —exXB, /Ty 2B kEg?: K25 = P5) -t (4.8a)
Craty (t,p) = (112073 (t:9)), NF(0) (v4) )

_ +CXXl]fnn\/Zp2 Eg(mp + k‘EngL k(2p? — pg)e_EBt ’ (4.8b)
Crats (t,p) = (103" (t:9)), NF(0) (v4) )

= —cxXiom ZBp:sk(piJ; p%)e_EBt, (4.8¢)

Crat(t.p) = (1O e (t.p)), NE(0)(v+) 1)

= +CXX£1R\/ZP1 Ep(ms +;§B) + hpi e bnt (4.8d)
CYas (tp) = (075" (t:)), NE(0) (1))

= +ex Xip V282 Ba(mz +;fB) o+ ki e Ert (4.8¢)
O (4.9) = (W OFH" (), NF(O) (14))

 exXB /7y 2Ep(mp + M;i) + k(p? + p3) o Fot (450
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4.2. Lattice correlation functions

Cret (t,p) = (1 Oy ™" (t:)), NE(0) (71 )y

Ep(mp + kEp) + kp2 _
= —ex X Ty 2R 200G e, (4.8%)

B,lmn B,lmn v
CX7€72 (t,p) = <(74720X,€ (t p))r /\/'5(0)(7+)7./T>
2EB(mB + kEB) + kp%e_EBt

= +CXXl%n V ZBp Ep (4'8h)
B,lmn B,lmn "/
Crigs (t,p) = (10" (6, 9)), NF (0)(v4) )
2_ .2
= +ex X ZBP:;MG_EBt. (4.81)

Ep

One immediately notices that at least one nonzero component of spatial momentum is
required to extract the first moments, as otherwise the right-hand sides will simply be equal
to zero. We evaluate Cﬁ:gﬁn, Cﬁ:g? I, and Cgéml" with momentum in z-direction, i.e.,
p = 27(+£1,0,0), and evaluate Cﬁ:éﬁgn, Cf;:gf 5> and C’fgl@n;" with momentum in y-direction,
ie,p= 2T”(O, +1, O) For momentum in z-direction (p = 2T”(O, 0,+1)), only the correlator
C’fj:gf g can be used. We do not consider the remaining two correlators as they require
a higher number of nonvanishing momentum components, which would lead to larger
statistical uncertainties. Finally, operators and correlators suitable for a lattice analysis of
the second moments can be found in the appendix, eqgs. —.

Using the provided correlators one can determine all zeroth, first, and second moments
of the standard leading twist DAs. By evaluating the linear combinations presented
in section one can thus obtain all leading twist normalization constants and shape

parameters up to second order.

4.2.3. Higher twist

Higher twist normalization constants can be calculated from the correlation functions

o (4.9)

(B0 DINE(0)(v2),) = KEmp/Zs

where X' can be S, P, V, A, or T, cf. eq. (4.1]) and table The twist four couplings of
interest defined in egs. (3.21)) and (3.22)) are given by

AP — B M= —V6rY,
)\fiA = /{173, )\9 = —2\/6(/£§ + Iﬁ%) ,
My = —\/6(n§ - /i%) . (4.10a—e)

56, = Nya is the spatial extent of the lattice, cf. table [4.2| on page m
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Chapter 4. Application to lattice data

Due to symmetry properties of the associated operators it follows that

n??“‘ :ng#\ :meszﬁéA:/ﬁ%:O, (4.11)

and the corresponding correlators vanish.

4.3. Lattice simulations

In the previous sections we have laid out the principles of how to obtain insight into
distribution amplitudes from two-point correlation functions. In practice these correlators
are evaluated using lattice QCD. Here we will give some information about our lattice
study, but since the specifics of the lattice implementation are not the main focus of this
work we will not go into all the minutiae and instead refer the interested reader to our
publication [49].

In the analysis we have used lattice ensembles generated within the coordinated
lattice simulations effort. These Ny = 2 + 1 simulations (i.e., 2 equal-mass light quark
flavors and 1 heavier flavor) employ the nonperturbatively O(a) improved Wilson clover
quark action [72, 163H165] and a tree-level Symanzik improved gauge action (Liischer—Weisz
action) [78,[166]. Wuppertal smearing [167] with APE smoothed gauge links [168] is applied
to the baryon interpolators . This procedure generates spatially extended hadron
sources that feature enhanced overlap with the desired ground state. The lattice ensembles
are generated on supercomputers such as QPACE 2 [169] and analyzed using the CHROMA
software system [I70] with various customizations and optimizations.

A list of the CLS ensembles used in this work is given in table [£.2) and is divided into
two parts. The lattices in the first group are used to carry out the measurements of baryon
distribution amplitudes from the correlators described in section [.2] while the ones from
the second set are used to produce the necessary RI/SMOM renormalization factors as
defined in section [3.5.2] Let us now address the properties of these lattices, highlighting
the differences between the two groups.

First, one can see that the ensembles used for the determination of the observables
have a larger volume, especially in time direction. This is desirable since the correlators, cf.
eq. (4.2)), are studied as functions of the Euclidean time (while the spatial directions are
Fourier transformed in order to fix the three-momentum p). On the other hand, the lattices
used for renormalization have a shorter time extent, on par with the spatial directions. The
vertex functions evaluated there, cf. eq. , require a Fourier transformation involving
all spacetime directions and could not benefit from having one direction larger than the

others.
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4.3. Lattice simulations

Figure 4.1.: Plot showing the meson
masses of the lattice ensembles used in
this study. All quantities are made dimen-
sionless using the average octet baryon
mass Xp, cf. eq. . Along the flavor
symmetric line (blue) the pseudoscalar
mesons have equal mass (m3% = m2),
which is equivalent to equal quark masses
(m; = mg). The (green) line of physical
normalized average quadratic meson mass
((2m?% + m2)/X? = phys.) corresponds
to an approximately physical mean quark
mass (2m; + ms ~ phys.). The red line
is defined by (2m?% — m2)/X}? = phys.
and indicates an approximately physical
strange quark mass (ms &~ phys.). The

orange dot marks the physical point.
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Efo H105
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Ng rqcd019
| o
s
c§ rqcdO164H101
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Table 4.2.: List of the ensembles used in this work, labeled by their CLS identifier.
The lattice coupling B = 3.40 = 6/g> corresponds to the lattice spacing a ~ 0.0857 fm.

N and N give the number of lattice sites in spatial and temporal direction. The hopping

parameters x; and k4 govern the light and strange quark masses. Pion and kaon masses have

been obtained from two-point functions. The last column gives the number of gauge field

configurations used. An in-depth description of these lattices can be found in [I71], 172].

id 3 N, N; K] Ks mx [MeV]  mg [MeV]  conf.
C101 3.40 48 96 0.137030 0.136222041 222 474 1552
H105 3.40 32 96 0.136970 0.136340790 280 465 2833
H102 340 32 96 0.136865 0.136549339 355 440 1997
H101 3.40 32 96 0.13675962 0.13675962 420 420 2000

rqecd019 340 32 32 0.13660 0.13660 605 605 14
rqcd016  3.40 32 32 0.13675962 0.13675962 421 421 11
rqed021 340 32 32 0.136813 0.136813 339 339 9
rqed017  3.40 32 32 0.136865 0.136865 232 232 9
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Chapter 4. Application to lattice data

A related topic are the conditions imposed on the boundary of the finite volumes
described by our lattice ensembles. On the longer lattices, open boundary conditions are
used for the gauge links in time direction, while on the shorter ones we employ the more
conventional periodic boundary conditions. The key point in favor of open boundaries
is that they allow for simulations even at fine lattice spacings [I73], where simulations
using periodic boundaries run into the problem of increasingly large autocorrelation times
(topological freezing) [I74]. This will be of major importance when going to a < 0.05 fm in
the future. Yet, at the comparatively larger lattice spacing studied in this work, periodic
boundary conditions can still be used without problems [I71].

A second difference lies in the masses. As schematically represented in figure the
ensembles where we calculate our observables are tuned such that the average quark mass
reproduces (approximately) the physical value. At the flavor symmetric point (implemented
on the H101 lattice), hadrons form SU(3) multiplets and their properties are related by
symmetry. Notably, the distribution amplitudes have to be equal for all octet baryons, see
eqs. . The real world is then approached in such a way that u and d quark masses
decrease and simultaneously the s quark mass increases while their average is kept constant
(the green line in figure [4.1). This course of action is ideal for studying the effects of
SU(3) flavor symmetry breaking on DAs while extrapolating to the physical point. Also
shown in figure are the lattices used for renormalization, which lie on the blue line.
Their simulation parameters are chosen such that the masses of all dynamical quark flavors
are equal. This sets up a suitable environment for the calculation of the flavor-independent
four-point function and the subsequent extrapolation to the chiral limit (m; = ms; — 0),
where the renormalization scheme is defined.

The third and probably most striking difference that can be spotted from table [£.2]
is in the number of configurations, which in the end translates to the statistical error
achievable. The difference in the magnitude of these numbers is simply due to the
fact that two very different calculations are to be performed on those two groups of
lattices. In the determination of moments of baryon distribution amplitudes the statistical
error has always constituted a major contribution to the total uncertainty. Averaging
measurements from many gauge field configurations is absolutely essential in achieving a
phenomenologically relevant precision for the final results. In contrast, the statistical error
on the lattice renormalization factors just turns out to be very small, even when analyzing
just O(10) configurations. It is completely negligible compared to other, systematic
uncertainties inherent to the renormalization procedure.

To determine the moments of baryon distribution amplitudes on a lattice, the two-
point functions (see section are measured on each gauge field configuration. Suitable

correlators are then averaged and a statistical analysis using a bootstrap method is
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performed on the @(2000) configurations per ensemble. Finally, after fitting the expected
ground state contributions (i.e., the right-hand sides of the correlator equations from
section to this data as functions of Euclidean time, we obtain the (unrenormalized)
lattice results for the couplings and shape parameters.m This lattice analysis has been
performed by F. Hutzler.

To renormalize these results we require the lattice RI’/SMOM renormalization factors,
defined by eq. , which have been determined by A. Sternbeck and M. Géckeler. The
key ingredient in this calculation are the flavor-independent four-point functions. Let us
therefore spend a few words on how to calculate the required vertex functions on the lattice,
as the necessary definitions given earlier in this work, egs. 7, are written in
the language of continuum QCD. The translation to lattice QCD is as follows: Instead
of calculating vacuum expectation values in continuum perturbation theory one has to
determine four-point correlation functions nonperturbatively by measuring them on gauge
field ensembles. Spacetime integrals for the Fourier transformations are to be discretized
by replacing them with sums over all lattice sites and instead of the translation-invariant
continuum propagator S(0 — x) one has to use the lattice propagator S(0, ).

With the information given here and in the previous sections we have the tools to deter-
mine not only the bare lattice results but also the nonperturbative lattice RI/SMOM renor-
malization factors as well as the perturbative continuum RI/SMOM-to-MS conversion
factors. Putting all these parts together we can hence extract MS renormalized results for
the DAs from each lattice.

4.4. Consistency checks

Now that we have these lattice data at our disposal we can immediately perform various
consistency checks, which not only serve as a basic tool to spot possible mistakes but
are also directly related to some interesting physics statements, e.g., with respect to

renormalization or SU(3) breaking.

4.4.1. ‘PoBo,(1) = fB and Wg)ﬁ?) = fE

First, due to the momentum fraction conserving delta function (1 —x; —x9 — x'3) contained

in the integration measure [dz], cf. eq. (3.5]), we can express any moment of a DA as a sum

57This is, of course, a gross oversimplification of the process. Many subtleties not discussed here have to be
taken into account. To name a few, the open boundary conditions complicate averaging correlators with
different source positions, the configurations have to be binned to reduce autocorrelations, and the fit
ranges have to be optimized to exclude excited state contributions while maintaining good signal-to-noise
ratio. See also our paper [49].
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of even higher moments:
DA, = /[d:v] mllajanmg DA(z1,x9,23) = /[dm] (1 + 22 + :L'g)wll:cgnxg DA(x1,x2,x3)
= DAy 1ymn + DAt 1yn + DAinny) - (4.12)

An application of this relation to the relevant DAs led to the equalities (3.34)), repeated

here for convenience:

B B B _ (B B#A B B _ (B
¥00,(2) = ¥00,(1) = Yoo = 7, 7700%(2) = To0,(1) = Moo = Ir
B B B#A B
P11,2) = P11 ”11?,?2) =T
B B A A
¥10,2) — ¥10° 710,(2) = ™10

In the MS continuum, eq. and all equalities derived therefrom are (by definition) exact.
Our operators are constructed as multiplets transforming under irreducible representations
of H(4) for optimal properties in simulations using hypercubically discretized spacetime.
It is clear that such a construction does not reflect the symmetries of the O(4) Euclidean
continuum. Furthermore, operators used for the determination of the shape parameters
of different order are taken from different representations of H(4). Therefore, we have no
reason to expect that the unrenormalized lattice data should fulfill the equalities .
This deviation must be cured by our lattice RI/SMOM renormalization and continuum
MS conversion.

There is yet another issue we need to consider. A determination of higher moments
requires additional derivatives in the operators used. In lattice QCD, the derivatives are
generally realized as difference quotients [72] and therefore the derivatives will, at finite
lattice spacing, always come with some discretization error. The sum rule will be
broken by these lattice spacing effects even after renormalization has been taken care of.

Having access to lattice data for the zeroth and first moments we can explicitly check

B ?
Poo,(1) ~ ¢«
collected the values of the ratios 306907(1) /fB and W(’)%fé(/l‘) / f:f , both MS renormalized and

unrenormalized@ in table As expected, the unrenormalized ratios differ strongly from

fB and 71'(%#(/1\) Z fjl? . To study the extent of possible deviations we have

unity, by more than 15%, demonstrating that the renormalization program is an essential
component for precise lattice studies. In contrast, the MS renormalized values lie much
closer to one, deviating by less than 4%, serving as a check for the correctness of our
renormalization. We attribute the remaining deviation to discretization errors caused by

the derivatives in the three-quark operators, which should vanish in the continuum limit.

58Gince chiral extrapolation is performed after renormalization these values are not taken from the physical
point but from C101, the ensemble whose meson masses are closest to the physical ones, see table @
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4.4. Consistency checks

Table 4.3.: The normalizations of the leading twist DAs calculated from first moments
divided by the same normalizations calculated as a zeroth moment. The values are obtained
from the C101 lattice and given in the MS scheme (at 2 GeV) as well as unrenormalized

(bare). Errors in parentheses are statistical.

‘P(J)\(fx(l)/fN ‘Pozo,u)/fz ‘P(?o,u)/fE ‘Pgo,(1)/fA 7r020,(1)/16:% 7r(?(),(1)/sz

MS  0.988(35)  0.971(17)  0.963(13)  0.971(23)  0.965(17)  0.967(13)
bare  0.842(30)  0.827(14)  0.820(11)  0.827(19)  0.822(14)  0.824(11)

Since our dataset consists of lattices of only one lattice spacing (a = 0.0857 fm) we cannot
currently substantiate our claim by performing this limit. Instead, we refer to [48], where
in a study of nucleon distribution amplitudes (using a similar lattice action) comparable
deviations have been observed. A continuum extrapolation from three lattices with different
spacings has been shown to give a result in agreement with the value 1, indicating that
discretization errors stemming from covariant derivatives in three-quark operators are

under control.

4.42. AJ7A =~ —22F and A} = —2)2

Next, let us look at relations involving the higher twist normalization constants. For
the proton the approximate equality A ~ —2AY is well known [47, 162, I75]. It is a

consequence of the associated local matrix element,
(0 (u"(0)Cd(0))75u(0)| N (p, A)) = 8(AY + 2M)muu™ (p, 1) , (4.13)

vanishing in the nonrelativistic limit [I62]. From our data it can be seen that the same holds
analogously for the other isospin-nonsinglet baryons ¥ and =, but not for the A baryon.
Instead, we find a new approximate equality )\9 S —2)\%, corresponding to the similar
matrix element

(01(u" (0)Cd(0))155(0)[A(p, N)) = 575 (A + 22 )mau’ (p, ). (4.14)

To illustrate that these approximate equalities are fulfilled well by our results we present
the data for the ratios —2AP7A/\B74 and —202 /A% in table

Looking at the situation from the perspective of renormalization one might naively
expect that renormalization factors will cancel in the ratios, especially since all higher twist
normalization constants are calculated using operators from the same H(4) representation T%.
In reality this need not necessarily be true because all higher twist couplings can mix under

renormalization. Having worked out the renormalization behavior explicitly we find that
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Chapter 4. Application to lattice data

Table 4.4.: Ratios of higher twist normalization constants (see section i and of leading
twist normalization constants (see section 4.4.3]). The values are obtained from the C101
lattice and given in the MS scheme (at 2 GeV) as well as unrenormalized (bare). Errors in

parentheses are statistical.

20/ 20T/ ST/ 2N (P R)/(FF + 1)
MS  0.985(25)  1.031(14)  0.990(11)  1.012(16) 1.004(1)
bare  0.985(25)  1.027(14)  0.989(11)  1.011(16) 1.004(1)

the renormalized and unrenormalized values agree with each other (see table and that
indeed the naive expectation does come true due to the small off-diagonal elements in these

renormalization factors.

4.43. 54 f=~ f5 4 f=

There is yet another quantity we can examine. In our article [49] we have presented a new

identity involving the distribution amplitudes of the ¥ and = baryons:
0= @E(azl, x9, xg) + (I)JEr(xh X9, 173) - HE(aZh X9, 373) - HE(.Tl, X9, Hfg) + (’)(5m2) . (4.15)

where dm is a dimensionless parameter measuring the strength of SU(3) breaking [33], 49]:

A(mj —m3)
Xp = (2mN+3mg +2m5+mA)/8. (4.16b)

This combination of DAs has been constructed such that the SU(3) breaking is minimal,
i.e., all terms linear in dm cancel. Hence, it has the same theory status as the famous
Gell-Mann-Okubo (GMO) sum rule for baryon masses [176, [177],

0 =2my — myg + 2mz — 3mp + O(6m?), (4.17)

whose almost exact realization in nature (i.e., for the experimentally determined baryon
masses available in [58]) is widely known:
Imy +2mzs 994 (4.18)
my, + 3my
The sum rule (4.15)), while in principle valid for the full DAs (which are however unknown),
also holds order by order in the moments. Let us therefore investigate the most relevant

contribution, namely the normalizations. The corresponding GMO-like sum rule reads
0=f"+[==f7 - IT +O(m?), (4.19)

and it is fulfilled exceptionally well by our data, see table
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4.5. Chiral extrapolation

4.5. Chiral extrapolation

The lattice simulations for the DAs have been performed on four ensembles with four
different — but always unphysical — mass parameters (see table on page . In
particular, we always have my; > mP™®. Such simulations come with the advantage that
they are less computer time intensive than runs with the true physical masses. But in the
end, we are always interested in the DAs at the physical point, and therefore we will have
to find a way to bridge the gap between the unphysical mass regime simulated in lattice
QCD and the physical reality. The proper tools for this task at hand are provided by chiral
perturbation theory [79].

This effective field theory technique approximates QCD via Lagrangians formulated
not in terms of the basic degrees of freedom (quarks and gluons), but rather in terms of
baryons and mesons (i.e., the relevant degrees of freedom in the nonperturbative low-energy
regime of QCD). ChPT has many different applications [I78], but we shall focus on its
use alongside lattice simulations: Using ChPT one can determine the behavior of various
observables as a function of the light pseudoscalar meson masses (which are in turn related
to the quark masses). To get a physically relevant result one generates multiple lattices
with different unphysical masses, fits the expected ChPT behavior to the data and then
uses the fitted function to extrapolate to the physical point.

In [33] such extrapolation formulae have been derived for all octet baryon distribution
amplitudes in the framework of covariant baryon chiral perturbation theory [179) [I80] with
three flavors in leading one-loop order. The lattice ensembles analysed in our study have
all been tuned to have approximately physical average quark mass, i.e., they lie on the
green line in figure This particular choice allows one to parametrize the normalization
constants and shape parameters as functions of the single variable §m, which has been
defined in eq. .

As an example, let us look at the ChPT formulas for the leading twist normalization

constants (the formulas for the other quantities can be found in [33]):

FP(om) = gg (6m)(f* + 6m AfP), (4.20a)
FEFN(6m) = gB(0m) (f* + dm AfE). (4.20b)

(A fit of these functions to the renormalized lattice data will be shown in figure [4.2])
Using this ansatz, all our data points pertaining to the 6 observables fN, ¥ f= fA f%,
and f% are described by a set of 7 fit parameters. They are f*, which corresponds to the
value at the symmetric point (dm = 0) and is therefore independent of the baryon species
(cf. eq. (3.134), as well as AN AFE AFE AFA AfR, and AfZ, which are responsible

for the splitting between different baryons away from the symmetric point. The curvature
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Chapter 4. Application to lattice data

of the extrapolation functions is governed by the prefactors gg , that contain the chiral
logarithms. They are functions of §m, normalized as g5, (0) = 1, and independent of the
fit parametersf_g] The complete expressions for these prefactors will not be given here, as
they can be read off from [33].

Using SU(3) ChPT one also finds that the symmetry breaking behavior in baryon DAs
should, at leading chiral order, obey some additional constraints, i.e., not all amplitudes
are independent [33]. In the leading twist sector, these constraints on the distribution

amplitudes translate to the following relations between the fit parameters introduced above:

AfE=—AfZ - AfN, (4.21a)
Aff = -3Af —1Af>, (4.21b)
AfF=3AM 4 IA - AN (4.21c)

This would reduce the number of free parameters in a fit to the normalization constants
from 7 to 4. However, SU(3) constraints such as these need only hold in the continuum
and can in principle be broken by discretization effects on the lattice. Therefore, fits
which simply enforce these relations might not be the best ansatz to describe results at
a fixed nonzero lattice spacing. Indeed, we found that especially for the leading twist
normalization constants these constraints are violated in our data. With our current dataset
that is limited to just one spacing we are unable to examine the continuum limit, but in
future studies it will be interesting to observe whether the breaking of SU(3) constraints
decreases while advancing towards the continuum by analyzing data at various smaller
lattice spacings. In the following, we will only show the analysis where all constraints on
the DAs responsible for the SU(3) flavor symmetry breaking are ignored, as such fits are
better suited for describing data at fixed nonzero a. For more information on the topic
and for plots showing the fits including the SU(3) constraints see [49].

Figures show the results of chiral fits (performed by P. Wein for our article [49])
to the full set of lattice data consisting of the leading twist normalization constants, the
leading twist first order shape parameters, and the higher twist normalization constants.
In all of these figures the red dotted line on the right side marks the physical point, while
the leftmost data point corresponds to the symmetric point with approximately physical
average quark mass (H101 lattice). The curves show the fitted mean value together with
one-sigma error bands. Overall, one can see that the unconstrained leading one-loop order
SU(3) ChPT formulae are suited to treat our lattice data, as most observables are described

rather well by the fitted functions (x? per degree of freedom is smaller than 1.5 in all fits).

59They do however depend on other ChPT parameters such as the ubiquitous pion decay constant or the
axial low-energy constants, D and F, which are treated as fixed input values, see [33] [49].
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Figure 4.2.: Fit for the leading twist normalization constants f?, fjl?#A (left) and the

equivalent first moments ¢, (1y 776%75(/1\) (right).
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Figure 4.3.: Fit for the leading twist first moments ¢F, 757" (left) and %}, =i} (right).
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Figure 4.4.: Fit for the chiral-odd higher twist normalization constants A2, A3 (left) and

the chiral-even higher twist normalization constants \Z (right).

109
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We take the values obtained by extrapolating these fits to the physical point as our final

results, which will be discussed in the next section.

4.6. Results

In table [£.5] we have collected the chirally extrapolated results for all quantities that have
been examined in this study. The values are followed by two types of errors given in
parentheses. The first ones are the statistical uncertainties obtained by propagating the error
bars of the data points via the chiral fits presented in the previous section, while the second
ones try to quantify the uncertainty in the renormalization factors. As mentioned previously,
the statistical errors in the renormalization calculation are extremely small, therfore the
goal shall be to gauge the systematics. To this effect, we perform the analysis including the
chiral extrapolation a total of three times. First, with renormalization factors determined
at u? = 4GeV? (which we take as the central values). Second, with renormalization factors
determined at p? = 10 GeV?, followed by a perturbative renormalization group evolution
back down to u? = 4GeV? (to account for some uncertainty in setting the renormalization
scale)m And third, neglecting the perturbative corrections in the conversion factors (to
measure the extent of the loop effects). Then we take the difference between the first and
second analysis as well as one half of the difference between the first and third (as the
effect of higher loop corrections is expected to be smaller than the leading ones) and finally
add these two quantities in quadrature to get an estimate for the error.

Let us now discuss our results in detail, starting with the normalization constants.
To reiterate and illustrate what has been discussed in section one can see by
comparing the left and right panel in figure that the extrapolated values for f5, 757”\
and 905207(1), W(J)gofé(‘f) almost agree with each other, i.e., the sum rules are broken
only very mildly by the discretization effects in the derivatives. Comparing the size of
the normalization constants of the nucleon to what has been obtained in the previous
Ny = 2 study [48] our values are larger by 30% in case of fV and by 20% for A and A}
However, the final values quoted therein are taken after a continuum extrapolation has
been performed. As one can see from their figure 7@ this amount corresponds to the
effect of the continuum extrapolation and therefore our results at a =~ 0.0857 fm are indeed
compatible with what has been obtained at a =~ 0.0813 fm in the older analysis. Conversely,

this also means that we have to expect our result for fV¥ to be modified by about 30%

"°The nonperturbative determination of the renormalization factors is performed for multiple sets of
momenta of different magnitudes, and therefore different scales, by varying the twist parameter. The
value at a certain target scale is then obtained by interpolating between these data points.

"'Here we refer to the figure numbers in the journal version of [48], which differ from the arXiv preprint.
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4.6. Results

Table 4.5.: 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 = 2 GeV. The number in
the first parentheses gives the statistical error after chiral extrapolation. The second one is

an estimate of the systematic error due to the renormalization procedure.

B N )Y = A

fB x 103 3.60(6)(2) 5.07(5)(2) 5.38(5)(2) 4.38(6)(2)
B x10? 3.60(6)(2) 4.88(5)(2) 5.47(5)(2) —
$00,(1) X 10° 3.53(9)(2) 4.91(7)(2) 5.19(6)(2) 4.25(8)(2)
oo, (1) X 10° 3.53(9)(2) 4.70(6)(2) 5.31(6)(2) —
©P x 103 0.08(2)(1) 0.17(1)(2) 0.01(1)(2) 0.18(1)(1)
8 x 10° 0.08(2)(1) —0.10(1)(3) 0.30(1)(1) —
e x 103 0.060(19)(3) —0.069(10)(3) 0.14(1)(1) 0.48(2)(3)
B x 10? — — — 0.010(16)(1)
AP 10° —49(1)(2) —45.4(4)(21) —47.6(4)(23)  —39(1)(2)
M2 < 10° — — — —51(1)(2)
AP x 103 98(1)(5) 86(1)(4) 96(1)(5) 101(1)(5)

once we are able to take the continuum limit, as our lattice action is similar to the one
used in [48] and hence the discretization effects should be of comparable size.

As far as the size of fV is concerned, lattice QCD and sum rule calculations have been
known to be in disagreement for quite some time. The previous lattice studies [45-48] all
favor values that are a bit smaller than what has been obtained in older leading order
sum rule calculations [I5] 38, I81]. This motivated an updated sum rule calculation at
next-to-leading order [39], which showed that the first order radiative corrections are
reasonably small. Therefore, it is very unlikely that the difference is only due to higher
order perturbative effects. Our new lattice determination of f% falls into the same range
as the values obtained in the other lattice studies. While this shows parity among different
lattice QCD simulations, it also means that, at present, the tension with QCD sum rules is
not resolved. A comparison of some of the different results can be found in table

Also for the first moments of the nucleon we find values that are in agreement with the
previous lattice studym but are significantly smaller than the older sum rule estimates. In
case of the nucleon the approximate equality 4,0{\6 ~ cpﬁ discussed in [48] is fulfilled by our
results within errors. And while the absolute values for the first moments are small, we

do observe enormous relative SU(3) breaking, e.g., 75 > 3o and ¢y = T, This is a

"Note that (unlike fV) the moments have not been extrapolated to the continuum in [48], and that 2}
in our notation corresponds to fy ¢l in theirs.
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Chapter 4. Application to lattice data

Table 4.6.: Comparison of the central values of our Ny = 2+ 1 results (see table with
the Ny = 2 lattice study for the nucleon [48], the Chernyak-Ogloblin—Zhitnitsky (COZ)
model [38] (which is based on leading order sum rules), and the next-to-leading order
sum rule calculation [39]. All values are given in units of GeV2. All quantities have been
converted to the conventions established in this work and rescaled to p = 2 GeV, using the
three-loop evolution equation for the couplings with the anomalous dimensions calculated
in [I36] and the one-loop equations for the shape parameters. Note that f;{ in [3§]

is proportional to the first moment ﬂfo in our nomenclature.

B work  method  fBx10® fEx10® P x10% wfx10% o x103 7f x10

ours Ny=2+1 3.60 3.60 0.08 0.08 0.06 —
N [48] Ny=2 2.84 2.84 0.085 0.085 0.082 —
[38] COZ 4.55 4.55 0.885 0.885 0.748 —
[39] NLO SR 4.65 4.65 — — — —
> ours Ny=2+1 5.07 4.88 0.17 —0.10 —0.069 —
[38] COZ 4.65 4.46 1.11 0.511 0.523 —
- ours Ny=2+1 5.38 5.47 0.01 0.30 0.14 —
. [38] COzZ 4.83 4.92 0.685 1.10 0.883 —
A ours Ny=2+1 4.38 — 0.18 — 0.48 0.01
[38] COZ 4.69 — 1.05 — 1.39 1.32

remarkable new finding, as it is contrary to the case of the normalization constants, which

differ by at most 50% between the various SU(3) octet baryons.

Our data shows furthermore that both of the first order shape parameters of the nucleon
exhibit almost no dm dependence (see the red bands in figure , i.e., the light-cone
momentum distribution in a nucleon is mostly invariant under a change of quark masses.
The likely reason is that all valence quarks in a nucleon are light quarks and that there
is no relative change in quark masses when going from the symmetric to the physical
point. All other octet baryons contain at least one strange quark, and (as we will see
from the discussion of figure below) these heavier quarks have significant effects on the
momentum distribution. In a sense, nucleons are therefore the real world baryons that are
most similar to the theoretical concept of baryons at the symmetric point.

To best visualize distribution amplitudes one can make so-called barycentric plots [I82],
in which the support of the DAs (0 < z1, z9, 23 < 1 with the constraint z; + x3 + 23 = 1)
is mapped to an equilateral triangle. We shall do so for the standard DAs, [V—A]?
and T (see section for the relevant definitions), as these are the most convenient in

phenomenological applications and also come with a straightforward physical interpretation:
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4.6. Results

The two DAs directly correspond to the two Fock states fTg'h" and f'g'h', respectively
(cf. egs. ), and the three variables x; are interpreted as light-cone momentum fractions
of the three constituent quarks. In figure we show these plots, where for each DA
the “boring” asymptotic part has been subtracted and the relevant overall normalization
factor has been divided out, so that the interesting effects of the shape parameters are
immediately visible and their relative strength can be compared across different DAs. The
plots are realized as combined density and contour plots and are overlaid with red, blue,
and green lines, which are lines of constant x1, xs, and x3, respectively.

In case of the nucleon DA [V—A]? we observe an approximate symmetry under exchange
of 9 and x3 (due to the previously mentioned relation <p]1\6 ~ ), which means that
in the v'u'd" Fock state the second and third quark carry similar momentum fractions.
Meanwhile, the leading u' quark, which has the same helicity as the nucleon state, carries
the largest fraction of the light-cone momentum. These findings are in agreement with
many earlier works [15] 38, [48]. It is worth mentioning however, that the approximate
equality among the first order shape parameters is observed at a typical hadronic scale
(here we have p = 2 GeV) and need not continue to hold when going to a scale of different
magnitude, as the two first moments have different behavior under scale evolution, see
egs. (3.20).

In contrast, the symmetry that can be observed in the u'u'd* nucleon state (which
is described by TV) is universal and scale independent, as all amplitudes T have a
definite symmetry property under exchange of x1 and x2, see eqgs. . TN however, is
not an independent DA. Taking into account the isospin relation , the spin-flavor
structure of the nucleon light-cone wave function (3.14a)) can be presented, schematically,
as [V—A]Nu'(u'd" — d*u"). In this picture the symmetry under zo <+ 23 may be interpreted
as an indication for these two valence quarks forming a dynamical scalar “diquark” [183].
This symmetry is assumed in many models, e.g., [184].

For the ¥ hyperon we observe that the peak of both leading twist distribution amplitudes
is shifted towards the single strange quark. In the d'd"s" Fock state this happens mostly
at the expense of the d' quark, while in the d'd's" state the s quark gathers additional
momentum from both light quarks equally. The = baryon contains two strange quarks
which both carry more momentum than the single light quark. In the s's'u' state the
s" quark carries the largest fraction, while in the s's'u" Fock state both s quarks contribute
equally. As far as the size of these effects are concerned we find that for the 3 the magnitude
is comparable to the nucleon, whereas the = exhibits somewhat larger deviations from the
asymptotic shape.

Overall, we find that the picture for the isospin-nonsinglet baryons can be described

in terms of two competing patterns. First, the heavier strange quarks carry in general a
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1.18 118

0

—0.93 —0.93

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10

0|

—0.93

1.18

0|

—0.93 —0.93

1.18 1.18,

0|

T2

11‘I

—0.93 1.0 —0.93

0.0 0.2 0.4 0.6 0.8 10 0. . 0.4 0.6 0.8

Figure 4.5.: Barycentric plots (21 +x2+z3 = 1) showing the deviations of the DAs [V—A]?
and TP from the asymptotic shape ¢* = 120z z223. (TA vanishes in the asymptotic limit.)
In this representation the coordinates x; directly correspond to quarks of definite flavor

and helicity.
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4.6. Results

larger fraction of the light-cone momentum than any light quarks. Second, the f quark
is preferred over the g quark in the f'g'h' state, but both have to behave identically
(by definition) in the DA corresponding to the f'g'h* state. This does not apply to the
A baryon, since the symmetry properties of its DAs are reversed compared to the remaining
members of the octet, cf. egs. .

One can see that [V—A]A is clearly dominated by the strange quark. T on the other
hand is a special case. This DA is antisymmetric under z; <> 3, hence it has zero
asymptotic contribution (this is by construction). Furthermore, its only first order shape
parameter, 77{\0, is numerically very small (this is a new result). The conclusion is that
the corresponding Fock state, u'd's', should be expected to be strongly suppressed in
the A baryon wave function, eq. . This leads to a situation where — akin to the
proton case, albeit for very different reasons — the leading twist sector can in very good
approximation be described by just a single DA, in this case [V—AJA.

In order to quantify this picture, we consider normalized first moments of [V—A]?
and T8,

1
B /[dﬂf] w[V-A", (et =
¥00,(1)

()8 = /[dx] z; T8 (4.22a-Db)

T00,(1)
which are sometimes referred to as momentum fractions in the literature and interpreted as
the portions of the hadron’s total momentum carried by the individual valence quarks. This
notion is somewhat imprecise since the averaging is done with a DA describing a single Fock
state and not with the true wave function squared, and the interpretation as momentum
fractions breaks down completely in case of T*, which has no asymptotic part. That aside,
these objects are nevertheless interesting because they provide a simple quantitative measure
for the relative deviations of a DA from the asymptotic case (z1)® = (x2)® = (x3)* =1/3.
To the first order, the (x;) can be expressed in terms of the shape parameters as the

following combinations:

1 1.5 - L1l 1, L1 1
()57 = 3 + gwﬁ + 31y, (z)h = 3 + 3%11 ~ 3¥i0> ()70 = 3 + g”g ;
1 2 . 1 2 1 1.
<$2>B¢A:§—§ 8, <$2>A:§—§ 4, <$2>$¢A:§+§7ﬁa
1 1. . 1 1. 1 1 2 .
(z3) P70 = 3 + g@ﬁ — @ty ()t = 3 + §<P1A1 + 3 fo, (zg)Bh = 37 gﬂﬁ ;
(4.23a-1)
with the normalized shape parameters
B B
pn = Tnk_ S haa—" (4.24a-b)
%00,(1) T00,(1)
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Table 4.7.: Normalized first moments of the DAs [V—A]® and TB7" in the MS scheme
at a scale p = 2 GeV, obtained via egs. (4.23)).

B N D) =) A
(x1)B u' 0.358 d 0331 0.361 u' 0.310
(w9)B ut 0.319 d*  0.310 0.333 d* 0.304
(x3)B d  0.323 s' 0.359 0.306 s' 0.386
(x1)8 u' 0.340 d  0.326 0.352 —
(z9)B u'0.340 d  0.326 0.352 —
(z3)8 d* 0319 st 0.348 0.296 —

The numerical results are summarized in table [.7) and they fully support the qualitative

picture suggested by the discussion of figure
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Chapter

Summary

In this work we have presented a new renormalization procedure for three-quark operators
that enabled the first lattice study for the distribution amplitudes of the full baryon octet.
We employed a convenient set of DAs defined for this purpose, which provides a unified
description for the whole SU(3) octet (section [3.2). Unlike previous works on this subject,
our approach allows for a simultaneous treatment of nucleons, ¥, =, and A baryons as well
as for a systematic study of SU(3) flavor breaking effects.

To provide the basis for a computational determination of distribution amplitudes we
have defined suitable multiplets of local three-quark operators with covariant derivatives
(section which facilitate access to DAs in terms of their moments (section [3.3). Using
our knowledge of the underlying symmetry groups (section we were able to design
these operators such that they reflect the multiplets of SU(3) flavor symmetry while
simultaneously exhibiting optimal transformation behavior under the spinorial hypercubic
group H(4) (i.e., the relevant symmetry group for fermions on the lattice).

A major part of this work has been dedicated to working out the renormalization
patterns for these operators (section . In this context, we employed two different renor-
malization schemes: A specifically crafted RI’/SMOM scheme fit for the nonperturbative
renormalization of lattice data serves as an intermediate scheme, while the destination
MS scheme leads to results that can be used in other phenomenological studies. We
connected these two schemes via conversion factors calculated in continuum perturbation
theory.

As a first example of application, chapter [4 features our pioneering lattice study of
baryon octet DAs using CLS ensembles at a single lattice spacing. To enable the numerical
computation of moments of distribution amplitudes we had to find suitable two-point
correlation functions (section [4.2), which have been implemented and measured in state-

of-the-art lattice simulations (section [4.3]). The resulting data were renormalized using
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the procedure we developed and then extrapolated to the physical point using input from
chiral perturbation theory (section .

Main results of this study are values for the normalization constants and first order
shape parameters of the leading twist DAs of the baryon octet, as well as the higher twist
normalization constants (section . Among our results certainly the most interesting
finding concerns the shape parameters, where we record values which are an order of
magnitude smaller than those from old QCD sum rule calculations. Simultaneously, we
observe very strong relative SU(3) breaking effects. Our study was the first to tackle a
lattice simulation of the DAs for the full baryon octet and these interesting discoveries
undoubtedly warrant further research in this direction.

For the moment, the numerical values we present still have to be considered preliminary
since they have been obtained from just four ensembles with the same lattice spacing and
have not yet been extrapolated to the continuum. The plan for the future is to extend
the analysis to the full set of CLS lattices, which also contains many ensembles with
various smaller lattice constants. Using this wealth of data we will be able to perform
a continuum limit extrapolation with high precision and provide final results for the

distribution amplitudes of octet baryons.
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Appendix

Matrices

A.1. Pauli matrices

The Pauli matrices are defined as three traceless, Hermitian, and unitary (with det o; = —1)

matrices,

g1 = (1 1) y g9 — <z _7;) ) g3 — (1 _1> y (A.lafc)

that (usually with an additional normalization factor of §) can serve as generators for SU(2).
They are orthonormal with respect to the trace operation and, together with the identity
matrix, form a basis of the complex vector space of 2 x 2 matrices, leading to a completeness
relation:

tr{Uin} = 251‘]’ s (A.Qa)
(Ji>aﬁ(o—i)’y§ = 250465'\/,8 - 504,8(576 . (AQb)

The commutator and anticommutator of Pauli matrices take the simple forms

[O‘Z',O'j] = 2ig;;,0% , (A.3a)
{0’1‘, O‘j} == 25ij]12 y (A3b)

where €;;; is the totally antisymmetric Levi-Civita symbol. There is one quadratic Casimir
invariant,

0,0, = 3]12 y (A4)

that commutes with all Pauli matrices and, in the context of SU(2) as (iso-)spin algebra,

corresponds to the square of the total (iso-)spin operator.
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A.2. Gell-Mann matrices

The t4 appearing, e.g., in covariant derivatives (2.2)) or matrix parametrizations (2.64) are
the generators of the Lie algebra of the special unitary group SU(3). In the fundamental
representation they are 3 x 3 matrices related to the Gell-Mann matrices \* via

A >‘A
=S, Ae{l...8). (A.5)

These traceless Hermitian matrices are given by

1 —1 1

AM=11 .o X=q . A= -1 :
1 —1
A4 — , )\5 — ,
1 )
) 1
A6 = 1], M= —i|l, A= 1 . (A.6ah)
. V3
1 7 -2

As an interesting sidenote we can immediately relate the form of the generators to some
concepts of SU(3) flavor symmetry. The first three generators are obviously extended Pauli
matrices, signaling that SU(3) has an SU(2) subalgebra@ This motivates SU(3) flavor
symmetry as a generalization of its SU(2) isospin subgroup. Second, the generators of
the Cartan subalgebra (which commute with each other and are represented by diagonal
matrices), t3 and t8, are proportional to the two additive quantum numbers, isospin
z-component and hypercharge (i.e., baryon number plus strangeness).

Moving on, we find that these generators are chosen such that their properties closely
match those of the Pauli Matrices of SU(2) (see appendix [A.1]), being trace orthonormal
and satisfying a Fierz-type relation (a,b,c,d € {1,2,3}):

tr{tAtB} = %5AB, (A.7a)

Avab (pAved _ Lcadseb L cabsed
()t = 5097 — 286, (A.7b)

The Lie bracket (i.e., the commutator) of two generators as well as their anticommutator

"3 Actually there are 3 overlapping SU(2) subalgebras: {t',¢*,t*}, {t*,°, 1 (V3t3+t*)}, {t°,¢7, S(V/3t°—t*)}.
While the former one corresponds to isospin, the latter two are called V- and U-spin, cf. appendix
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A.2. Gell-Mann matrices

can be expressed as a linear combination of matrices{™]
[t4,4P] = i fABCC (A.8a)

1
{t1,18) = §5AB]13 + B (A.8b)

The coefficients are the totally antisymmetric structure constants f45¢ and the totally

symmetric constants d4B¢ which can be obtained from
ifAPC = 260 (¢ [t 1C]} (A.9a)
a8 = 260 {415, 1C}} . (A.9b)

These constants are real by construction and take the following values: (All index combi-

nations not shown are either related to the ones below via permutation or are equal to

zero.)
f1B=1, (A.10a)
FUT 156 _ p246 _ g257 _ ¢35 _ _ 36T _ % : (A.10b)
V3
fA98 = fO7T8 — 5 (A.10c)
and
1
JU18 — 228 _ 338 _ _ 888 _ (A.11a)
\/g ’
dM0 = @17 = @247 = @76 = M = ¢35 = 306 — _ 377 = % : (A.11b)
1
A48 _ 558 _ 668 _ gT78 _ _ _© (A.11c)
2V3
There is one quadratic and one cubic Casimir invariant:
AL A 4
Mt = g]13’ (A12a)

9

Aside from the 3-dimensional fundamental representation we also have to consider the
8-dimensional adjoint representation, which is relevant for the transformation behavior
of gluons as well as the ghost-gluon interaction, see eq. . In this representation,
the generators are 8 x 8 matrices whose components are given directly by the structure

constants,

(t1)PC = —ifABC. (A.13)

"While the first equation actually holds for the generators in all representations of SU(3), the second
equation is specific to the fundamental representation, where the eight generators together with the
identity matrix form a basis of the matrix space.
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We use uppercase letters for the component indices to indicate that they run from 1 to 8 (as
opposed to the indices in the fundamental representation running from 1 to 3). Employing
the Jacobi identity,

0= fABZfZCD + fACZfZDB + fADZfZBC’, (A14)

it is straightforward to show that the generators of the adjoint representation also fulfill
the commutator equation (A.8a). Since the structure constants are real, the adjoint

representation is a fully real matrix representation of SU(3).

A.3. Dirac matrices

The Dirac gamma matrices are a set of 4 x 4 matrices that generate the Clifford algebra.

In Euclidean spacetime the gamma matrices have to obey the anticommutation relation

{’7;;7'71/} :25;11/]14 Vu,ve {1)-"74}¢ (A15)

with the metric being the Kronecker delta symbol d,,,. For the relation to gamma matrices
in Minkowski spacetime see appendix There are many explicit realizations for these

matrices; for all calculations in Euclidean space we follow the convention of [47]:

7= . ’ V2 = ’

= : Va4 = : (A.16a-d)

It is helpful to define a fifth gamma matrix,

-1
-1
V5 = V1727374 = . , (A.17)
1
that anticommutes with the other four matrices:
{Y5) =0. (A.18)
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This Weyl (chiral) representation can be related to the Pauli matrices as follows:

+
Yy = <U U“) . with oF = (%io, 1,). (A.19)
17

The shape of 75 in this representation ensures that the chiral projectors yg/1, = %(]14 +95)
take a simple form, projecting out two-component right/left-handed spinors from a Dirac
four-spinor.

Furthermore, we define

)
Ouv = 5[7}17 f}/y] . (AQO)

In our choice of representation all these matrices are Hermitian and self-inverse:

=7"=",, (A.21a)
W=t =m, (A.21b)
JL,/ = U;l,l =0, (H#V). (A.21c)

The 16 objects 14, Yu, V5, Yu7V5, and o, (@ < v) form a basis of the 16-dimensional
complex vector space of 4 X 4 matrices with complex entries.

The charge conjugation matrix C' can be used to transpose the gamma matrices:

vh =—-C""9,C. (A.22)
Our choice for its realization,
C =24, (A.23)
implies the additional properties
cl=ct=cT=_cC. (A.24)

A.4. Minkowski and Euclidean space

Minkowski spacetime has O(1,3) symmetry that leaves invariant the spacetime interval
g"dx,dx, with the metric g = diag(1, -1, —1, —1)@ This type of spacetime appears in
formulations of special relativity and therefore provides the mathematical foundation of

the real world in regions where the spacetime can be considered flat.

5 Alternatively, we could also work with 0(3,1) symmetry without changing the relevant physics. For
ways to possibly distinguish these two Lorentz groups see [124].
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On the other hand, Euclidean spacetime has O(4) symmetry that leaves invariant the
spacetime interval d,,dx,dx, with the metric § = diag(1,1,1,1). Analytic continuation
to Euclidean spacetime is used in lattice simulations because it allows for a probabilistic
interpretation of the action in the QCD path integral.

When going from Minkowski to Fuclidean spacetime one should perform the following

replacements for four-vectors in position space,

2%, — —izl | (A.25a)

xg\/[ — xf, (A.25D)
and for the corresponding covariant derivatives:

D% —iDF (A.26a)
D}, — -DF. (A.26b)

(We use the super/subscripts £/M to indicate Euclidean/Minkowski space.) While not

strictly necessary, it is convenient to define for the gamma matrices:

Yor =4 (A.27a)
Thr =00 (A.27b)
Yo =—7% - (A.27c)

Both sets of matrices generate Clifford algebras with the appropriate metric,

{'7%/17 73\/4} = 29#1/]14 ’ {757 71/E} = 25;“/]14 ) (A'28a7b)

and we find for the scalar products:

@y ) — —(zuy0)” (A.29a)
(v — —i(zp)” (A.29D)
(¥ @ Y = (u ® )" - (A.29¢)
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Appendix

The hypercubic group

B.1. Properties of the double-covering map

In section we studied the hypercubic group H(4) and its double cover H(4). We even

postulated an explicit expression for the double covering map, but neglected to give a proof.

In this appendix we will examine the properties of this map, which connects H(4) C Pin(4)

to H(4) € O(4) as defined in eq. (2.75):

¢ : Pin(4) = SU(2)? x Zy — O(4),
(Ut U ,+£)—R.

To aid in the following calculations we give 4 different expressions for the matrix R,

R, =[RUT,U 4, =str{oiU ofU} = Ltx{ofUT0, U}
=1tr{o, UtosU 1} = S tr{ofUTo U}, (B.1)
which are all equal. (This is easy to see by using that the components of R, generated
as traces of elements of SU(2), are guaranteed to be real.) To check the properties of
the double-covering map we will also utilize some nice properties of the Pauli matrix

£ (4 :
= L 1o):
vectors o (fio, 19)

tr{a;o’j‘ =24,,, (B.2a)
tr{a;aj‘ap_a; - U:O‘;O’;O’;} =4€,p) 5 (B.2b)
(U;)aa/(()’:{)ﬁﬁl = 260&5’6ﬁ0/ . (BQC)
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Appendix B. The hypercubic group

First, we confirm the group homomorphism property R(g1)R(g2) = R(g1 © g2). Explicit

calculation shows

_ _ et _
[R(U1+7 Ul ) il)]up[R(UQJrv U2 >:l:2)]pu = %tr{gilUfla{) Ul ﬂ} tI‘{O‘;UZ 0-3:2U2+T}
= {0 (U Uy )oF (UF U1}
= b tr{o (U U)o = U U )

= [R(UFUQil’ UfU2:’:l7j:1 © j:2)],uu

= [R((U}, U7 £,) o (U3, Uy , 1)) (B.3)

B

where, in the step from the second to the third line, we have modified all signs by ;. The
simultaneous change of all signs leaves the object invariant, see its definition (B.1).
Next, we test that R is actually in O(4), i.e., an orthogonal matrix with RRT = 14:

R,,R,,= %tr{anjFo;UiT} tr{a,fUia;rUﬂ}
= %tr{ainFUﬂajUiUﬂ} = %tr{aia,f}

=30, (B4)

From this we already know that |det R(UT,U~,£)| = 1. Still, it is instructive to look at
the determinant in detail. We find that

det R(U+, U77 Zt) = gul/p)\RulRVZRp?)R)A
_1 - =t A= =
=7 tr{au 0,0,05 —0,0,0,0, }RulRUQRp:gRM
1 + + + +
= jtr{ofoyofor —ofojo50f} = £epoy
==+1, (B.5)

where we have used

oy R,y =U ofU', o R, =UtobUT, (B.6a~b)

which itself follows from the property (B.2c|). This illustrates the fact that elements of the
type (UT,U~,+) are mapped to the subgroup of orientation preserving rotations, SO(4),

while elements of the type (UT,U ™, —) are mapped to the orientation reversing comple-
ment, O(4) \ SO(4).

B.2. Representations

Now that we have established a double cover H(4) — H(4), we can immediately discuss some

representations of H(4). Two representations in particular are worth highlighting. Obviously,

the double-covering map itself constitutes a 4-dimensional orthogonal representation.
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Since this one descends from the fundamental representation of O(4), we will call it the
fundamental representation of H(4). It is denoted as T{l and defined by eqs. (2.75)—(2.76).
Another important representation is a 4-dimensional unitary representation defined by the

mapping

U+ ' U\
(U, U, +) — ( _) ) (U, U™, =) — ( 3 ) . (B.7a—b)
U U

(It is straightforward to see that this is indeed a representation of H(4) because it respects
the group operation ) We call this one the fundamental spinorial representation,
denoted as 7'%. Using the explicit matrices given below, the connection between these two
representations can easily be checked: Deduce (UT, U, +) from Tfl(g) via eqs.(B.7), apply

the double covering map, and verify that the result is equal to Tf (g)-
As discussed in section it is sufficient to write down the explicit forms of the
6 generators I, Is, I3, 14, v, and t. In the fundamental single-valued representation 7'{1
they correspond to matrices of reflections and rotations. These matrices provide a four-

dimensional representation for both H(4) and H(4):

-1 1 1
4 1 4 -1 4 1
T (Il) = 1 y T (12) = 1 y T (’7) = 1 »
1 1 1
1 1 1
4 1 4 1 4 1
A= | A= D] A= 1
1 —1 1
(B.8a—f)

To construct the matrices for the generators in the five spinorial representations, which

are unique to H(4), we follow [122] and define the building blocks

i -1 1 -1
j 1 1 -1 -1
Sy = ' Sy = , T=— ,
i -1 V2l 1 -1
i 1 1 -1
7 -1 1 —
—i -1 111 4
S = R S — , Tzi
S T V2 i1
—1 1 —7 1

(B.9a—f)
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Appendix B. The hypercubic group

The four-, eight-, and twelve-dimensional irreducible spinorial representations of H(4) are

denoted as 4,,4_, 8,12, and 12_ in [I22], and they are constructed from these blocks as

follows:
4.(Li) =81, 4,(y)=T"1, 4,)=T-
4 (L) =81, A (9)=T(=i), 4 (=T
8(L;) = S; ® 12, 8(7):F®<i2w 63), 8(t)
e
-1
1
-1
12 (I)=S®1l;, 12 (v)=T® —i , 12.()=T®
1

As stated in section the explicit form of representation matrices is never uniquely

determined. By a change of basis in the representation space one can obtain different (but

equivalent) matrices. If one were to scrutinize the H(4) transfomation properties of the
operator mutiplets using eq. (3.38)), then one would see that it is not actually fulfilled for

the multiplets from [52] together with the representation matrices in the basis of [122].

This can be rectified by a simple change of basis on the representation space. For that

purpose we give the unitary matrices,

Ui =1, ® 1,
1 1
1 1
i €3
v oo L| LT
? V2 -1 €% |’
—i &F
1 ei%
—\/ii
s
1 -1 ez
U2 1,0 — .
1 2 \/§ 1 eZ«L
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B.2. Representations

1 e
ST
-1 ez
1]1 ei%ﬂ
U =120 — . : B.11
? ? V2 1 & ( )
V2i
V/2i
and perform a change of basis:
mi(g) = Ui4s(g) (U1 (B.12a)
73(9) = Us 4_(g) (U3)", (B.12b)
() = U*8(g) (UY)", (B.12¢)
m2(9) = U212, (9) (U, (B.12d)
72(9) = U2 12_(g) (U32)! (B.12¢)

L . 4 4 8 12 12 . .
We denote the spinorial representations as i, 75, 7, 7, and 75", following the notation

of [52]. Using this form of the representation matrices one can verify that the operator

multiplets that we take from there do transform under these irreducible representations

of H(4).

By construction, the transformation matrices given above exhibit a structure consisting
of two blocks, each accounting for half of the representation’s dimension. This is related to
the way the multiplets are defined in [52]. Each multiplet is built such that the operators
in the first half all have the same set of quark chiralities, while those in the second half

have exactly the opposite chiralities.
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B.3. Character table

Table B.1.: Character table of H(4). For each conjugacy class C}, (where a superscript
prime indicates a splitting class as discussed in section we give its cardinality |C},]
(the number of elements), the order ny of its elements (the smallest integer for which
h™ = e), a sample element h, and the character afforded by each representation. The
superscript labels give the dimensions of the representations, while the subscripts enumerate
different representations of the same dimension. Spinorial representations are marked by

underlined superscripts. Most of the information presented here has been taken from [122].

Crn  |Chl np h T T3 Ty Ty 7'; 721 Ti 722 TS Tj
1 1 1 e=~% 1 1 2 3 3 1 1 2 3 3
1/ 1 2 —e=7% 1 1 2 3 3 1 1 2 3
2 8 4 I 1 1 2 3 3 -1 -1 -2 -3 -3
3 12 4 LI 1 1 2 3 3 1 1 2 3 3
4 2 LI 1 1 2 3 3 -1 -1 -2 -3 -3
5 2 2 L3I 1 1 2 3 3 1 1 2 3 3
6 24 4 yoo1 —1 0 1 -1 1 -1 0 1 -1
7 48 4 Ly 1 -1 0 1 -1 -1 1 0 -1 1
8 12 8 Iy 1 -1 0 1 -1 -1 1 0 -1 1
g 12 8 Iy 1 —1 0 1 -1 -1 1 0 -1 1
9 24 2 Ly 1 -1 0 1 -1 1 -1 0 1 -1

10 48 8 Ly 1 -1 0 1 -1 1 -1 0 1 -1

11 24 8 LIzlby 1 -1 0 1 -1 -1 1 0 -1 1

12 24 4 tyty 1 1 2 -1 -1 1 1 2 -1 -1

13 48 8 Lityty 1 1 2 -1 -1 -1 -1 =2 1 1

14 12 4 Lityty 1 1 2 -1 -1 1 1 -1 -1

14 12 4 LLitytyd 1 1 2 -1 -1 1 1 -1 -1

15 32 6 t 1 1 -1 0 0 1 1 -1 0 0

15 32 3 Yt 1 1 -1 0 0 1 1 -1 0 0

16 64 12 Lt 1 1 -1 0o 0 -1 -1 1 0 0

17 64 6 Lt 1 1 -1 0o 0 -1 -1 1 0 0

18 64 6 LIt 1 1 -1 0 0 1 1 -1 0 0

19 96 8 ty 1 -1 0 -1 1 1 -1 0 -1 1

20 48 8 Lty 1 -1 0 -1 1 -1 1 0 1 -1

200 48 8 Lty 1 -1 0 -1 1 -1 1 0 1 -1
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12
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12
—12

4 -2 -2 -4

2

0o -2 -2 -2 =2

0

—4
-8

-2
—4

-2
—4

-4 -8

—4

0 —2v2 2v2

2

2 —2v/2 2
2

0

-2

2V/2 —2¢/2

0

2V/2 —2v/2

N
)

V2 V2 0 V2

0

0
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Appendix

Operators

C.1. Phase conventions and flavor wave functions

Starting with the standard representation for the quark triplet,
1 0
u=10]1, d=11]1, s=10], (C.1a—)
0 1

we define the action of lowering operators T, U_, and V_ for the isospin, U-spin, and

V-spin, respectively, in this (fundamental) representation via the matrices (cf. app. |A.2)

=1\ —ir?) = 1(\® —iA") Vo =1\ =N
= , (C.2a—c)
1
so that, as illustrated in figure [C.1]
T u=Tu=d, Ud=U._d=s, Vu=V._u=s, (C.3a—)
while all other combinations result in zero.
The baryon octet can be presented as a traceless 3 x 3 matrix [185]
A X0 +
/6 + 73 by ) P
- A
b)) %—% n =pKp+nky+---, (C.4)
=— =0 9 A
B - V6
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S

Figure C.1.: Action of isospin, U-spin, and V-spin lowering operators in the quark triplet.

where Kp are 3 x 3 matrices defined by this equation. We further define the application
of the lowering operators T_, [7_, and V_ to the octet by the usual expressions for the

adjoint action,
T Kg=[T-,Kg], U_Kp=[U_,Kg], V_Kg=[V_,Kg], (C.5a—c)

without any additional phase factors.
The above choices specify our phase conventions. Starting from the proton state, the

complete octet can be constructed by applying the following transformations as illustrated

in figure [C.2}

T|p) = In), (C.6a)

~U_|p) = [57), (C.6b)
5T-U_|p) = =), (C.6c)

T U_lp) = [27), (C.6d)
~V_U_|p) =2, (C.Ge)

TV U_|p)=127), (C.6f)

(Vo +U-T0)[p) = [A). (C.6g)

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

proton defined as (cf. egs. (3.40))

pMs>=%<2|uud>—|udu>—|duu>>, |pMA>=j§<rudu>—|duu>>, (C.7a-b)

the wave functions of the octet can now be constructed by applying the transforma-

tions (C.6)), see tables and
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T

n p
—-U_
~T/V2
»0 »t
U_ V_

= =0

T

Figure C.2.: Illustration of our phase conventions. The A baryon is not shown since one
needs a linear combination for its construction, cf. eq. . Blue arrows indicate the
cases where one has to apply a Fierz transformation to relate the distribution amplitudes
at the symmetric point, see [126]. An explicit calculation shows that this always yields an
additional minus sign that has to be taken into account in order to reproduce egs.

and (3.13).

Together with the choice of flavor ordering in the matrix elements defining the DAs of

the different baryons (cf. egs. (3.3)) and (3.4)),

>

p = uud , n = ddu, Yt = yus, 20 = uds,

YT =dds, 20 = ssu, 2T = ssd, A = uds, (C.8a~h)

>

our conventions also fix the relative signs of the octet baryon DAs. As shown in [33], this

choice corresponds to the following identities for the DAs in the limit of exact isospin

symmetry:
DAY = DA? = —DA", (C.92)
DAY = DA = v2DA™ = —DA*", (C.9b)
DAZ = DA® = —DAZ® . (C.9¢)

This also fixes the relative phases at the flavor symmetric point in eqs. (3.13]). All phases
in the octet are now unambiguously determined up to a single unphysical global phase,

which is commonly fixed by the condition that fV has to be positive.
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Table C.1.: Totally antisymmetric (A) flavor wave functions.

B |Ba) = Xygn By " I1gh)
A (|dus) — |uds) + |usd) — |dsu) + |sdu) — |sud))/\/6

Table C.2.: Mixed-symmetric (MS) flavor wave functions.

[Bus) = Xy i F9h)
(2luud) — |udu) — |duu))/v/6
(2|dds) — |dsd) — |sdd))//6

(2| ssu) — | sus) — |uss))/v/6
(|dsu) — |usd) + |sdu) — |sud))/2

>mMzZ2| W

Table C.3.: Mixed-antisymmetric (MA) flavor wave functions.

B, fgh
S on Foid " fah)

) =2,
(ludu) — |duw))/V/2
(Idsd) — |sdd))/ /2
(|sus) — |uss))/V2
(2|dus) — 2|uds) + |dsu) — |usd) + |sud) — |sdu))//12

| Bra

> M=z w

Table C.4.: Totally symmetric (S) flavor wave functions.

[Bs) = Sy Fi " f9h)

(|uud) + |udu) + |duw))//3
(|dds) + |dsd) + |sdd))//3
(|ssu) + |sus) + |uss))/v/3

m™M=2lw

C.2. Optimal operator bases for renormalization

For the purpose of renormalization, it is convenient to employ operator multiplets that
transform irreducibly not only with respect to the spinorial hypercubic group H(4) but
also with respect to the group Ss of permutations of the three quark flavors. The latter
group has three inequivalent irreducible representations, which correspond to ground state
particle multiplets in a SU(3) flavor symmetric world (see section [3.4.2)). Therefore, we label
multiplets of operators transforming under the one-dimensional trivial representation by &,
the one-dimensional totally antisymmetric representation by .%, and the two-dimensional
representation by 0.

Furthermore, we want operators that have autonomous scale dependence under one-loop

evolution, resulting in a direct correspondence between the operator multiplets and the
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shape parameters in the SU(3) symmetric limit. The H(4) and S3 constraints discussed
above still leave enough freedom to be able to enforce this property as well.

As a starting point we use the operator multiplets defined in [52], which have been
constructed to transform under irreducible representations of H(4). We construct our new
multiplets (with the desired additional properties) as linear combinations thereof. Since we
will only combine multiplets from a single representation at a time, the H(4) transformation
properties will automatically carry over to our newly defined operator multiplets.

On the right-hand sides of the equations in the following sections we use the operator
definitions and nomenclature of [52]. We use the subscripts f, g, and h to specify a
derivative acting on the first, second, and third quark, respectively. E.g., Oyg4 refers to the
operator multiplet Opp4 with one derivative acting on the first quark and one derivative
acting on the second. The operators in the next three subsections below are defined for
generic flavors, i.e., not for any specific baryon B. To obtain the operators for particular

baryons one has to adorn them with the respective flavor structures (which are defined by

tables [C.IHC.4):

(R =" FDI B (oR), (C.10a)
f1.f2,f3

(6R)? =% SEJER(OR),,, (C.10Db)
fi,fa,f3 t

(2R)2 =S FSIE (9R), | (C.10c)
f1.f2,f3

where R is a stand-in for any combined H(4) representation and derivative label (such as 21*2[))
and the quarks of generic flavor contained in the operators on the right-hand side are
implied to be set to f1, fo, and fs.

C.2.1. Zero derivatives

For operators without derivatives we consider all (leading twist and higher twist) operators.
In the H(4) representation 711*2 we have 1 doublet of octet multiplet and 1 decuplet
multiplet (leading twist):

1
(ﬁQ) B %(07 + Og — 209) ,
1 )1t —

’ %(()7 — 0%), (C.11a)
(21%), = 25(07 + O + Oy) . (C.11b)

6By “doublet of octet multiplets” we refer to two multiplets (which themselves are 12-, 8-, or 4-dimensional,
as indicated by the underlined superscript) of operators transforming irreducibly under H(4), where these
two H(4) multiplets together transform as a doublet under the two-dimensional representation of Ss,
which we associate with the SU(3) octet (cf. section [3.4.2)). In our notation the first (¢ = 1) multiplet is
always the mixed-symmetric one, while the second (¢ = 2) is mixed-antisymmetric.
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In the H(4) representation 7° we have 1 decuplet multiplet (leading twist):

(2%), = Os. (C.12)

In the H(4) representation 714 we have 1 singlet multiplet and 2 doublets of octet multiplets
(higher twist)ﬂ

(1), = 75(03 — 04— 05), (C.13a)
(ﬁ’é) %(03 + 04) R
o T5(=03+ 04 = 205), (C.13b)
@
4 )
(ﬁf)Qt = 1
75201+ 0y). (C.13c)

C.2.2. One derivative

For the case of one derivative we present all leading twist operators. In the H(4) repre-
sentation 7'21*2 we have 1 singlet multiplet, 4 doublets of octet multiplets, and 3 decuplet

multiplets:

(‘5/2%)1 =3 [(095 — Ohs) + (Ong — Opg) + (Of7 — (’)97)] ,

(ﬁg ) 3%/5 [(OfS + OgS + Oh5) + (Ofﬁ + 096 + Ohﬁ) — 2((9f7 + (997 + Oh?)] ,
2,D)1t
Y GO + Ogs + Ons) = (O + Oy + On)]

(ﬁQ ) N %[(_2(%5 + 095 + Oh5) + (Of6 - 2096 + Ohb‘) - 2(Of7 + Og? - 2Oh7)] s

nhrnt 505 (2075 + Ogs + Ons) — (Or6 — 2046 + Ohe)] ,
(0. — 3 [(Ogs — Ons) — (Ons — Ogs)]

2,D) 3.t _ﬁ [(Og5 — Ohs) + (Ope — (’)f(;) — 2(0f7 — 097)] ,

12 %(Ofs + 098 - 2Oh8) ’
(ﬁfD)u )1

73(Or8 = Ogs)

(@%Dh = %[(Oﬁ + Ogs 4+ Ons) + (Of6 + Oy + Opg) + (Of7 + Ogr + Oh7)] ,

(‘QQITD)Q = ﬁ (=205 + Og5 + Ons) + (O — 2046 + Opg) + (Of7 + Og7 — 2047)]
(@%D):s - %(Oﬁ + Ogs + Ong) - (C.14a-h)

""The seemingly unorthodox construction and normalization of the operator (C.13d) can be traced back to
the fact that the multiplets O and Oz were chosen in a suboptimal, nonorthogonal manner in [51].
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C.2. Optimal operator bases for renormalization

For operators with one derivative in the H(4) representation 711*2 we have 1 singlet multiplet,

3 doublets of octet multiplets, and 2 decuplet multiplets:

(“1p)y = T5[(Og2 — On2) + (Ons — Oy3) + (O = Oga)] ,
(Of2 4 Oga + On2) + (O3 + Ogs + Opz) — 2(Opa + Ogs + Opa)] ,
Ofa + Oga + Opa) — (Op3 + Ogz + Op3)] ,

—~
£R
S
—
~

I

— —

I
505 [(—2072 + Oga + Ona2) — (O3 — 2043 + Oh3)] ,
5[(Og2 — On2) = (On3 — Op3)]
— 525 [(Og2 — On2) + (Ons — Og3) = 2(Os — Oga)]
(215), = %[(sz 1+ Ogs 4+ Onz) + (O + Ogs + Onz) + (O + Ogs + Opa)]

(215)5 = 555 [(=2052 + Oga + Opa) + (Og3 = 203 + Ona) + (Opa + O — 2044)] -
(C.15a-f)

(O2), — {é —2072 + Oga + Ona) + (Of3 — 2043 + Opz) — 2(Ops + Oga — 2014)]
1,D/2,t —

For operators with one derivative in the H(4) representation 72 we have 1 doublet of octet

multiplets and 1 decuplet multiplet:

(Op1+ Og1 —20,1) ,

o8 — 7
D 75051 = Og1), (C.16a)
(%), = 75(051+ Og1 + Op1) - (C.16D)

C.2.3. Two derivatives

Due to the enormous amount of possible three-quark operators with two derivatives we
focus on those leading twist operators that are relevant in practice. They are the operator
multiplets transforming according to the H(4) representation 7'24. In this representation we

have 2 singlet multiplets, 6 doublets of octet multiplets, and 4 decuplet multiplets:

(y;,DD)l = 535 [(Ofga — Ofpa + Oggs — Oppa)

(=O¢s5 — Orgs + Ogns + Onns)

(Orr6 + Osns — Oggs — Oge)] » (C.17a)
(30194 + 30 ha + Oggas — Onna)

(=Of5 + 30445 — 30gn5 + Onns)

(Ofp6 = 30sn6 — Oggs + 30gn6)] (C.17b)

+
+
(y;,DD)g = T}ﬁ

+
+
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(ﬁg,DD) 1,t

(@2,00)2,

(ﬁ;{DD):«;,t

(ﬁ;{DD)47t

(ﬁ;{DD)at =

(ﬁ;{DD)b‘,t -

\
7

(

ﬁ [(Off4 + 2044 +20sp4 + Ogga + 20414 + Oppa)
+ (Off5 + 20445 + 20715 + Oggs + 20415 + Ohhs)
— 2(Off6 + ZOfgﬁ + QthG + Ogge + 2Ogh6 + Oth)} )

[(Of7a+ 20551+ 2011 + Ogga + 204 + Oppa)
Ogps + 20445 + 2015 + Oggs + 20gp5 + Ohh5)] ,

%‘H
o

‘H

[

2Off4 — Ofg4 — th4 + Ogga + 209h4 + Onna)

(
—(
53 L=
(Opps — Opgs + 20115 — 20445 — Ogns + Opps)
(
(—
—

+s

—2(Ofs6 + 20496 — Ofns + Ogg6 — Ogne — 20nhns)] »

vl

2044 — Ofga — Oppa + Ogga + 20414 + Ohha)
Ofp5 — Ofg5 + 20515 — 20495 — Ogis + Opns)|

2\/1114 (20474 = 30194 — 304 + 3094 — 60gna + 30pp4)
+ (30¢p5 — 3095 — 6015 + 204g5 — 30415 + 30nn5)

—2(306 — 60 146 — 3016 + 30496 — 30ghs + 20nn6)] ,

2\/— [(20ff4 — 3Ofg4 — 3th4 + 30994 6(’)gh4 + 3Ohh4>

— (3Off5 — 3Ofg5 — Gthg) + 20995 — 3Ogh5 + 3Ohh5>] ,

4\/@ [( 6074 + 9054 + 90 tpa + Ogga — 120444 + Oppa)
+ (Ofp5 + 9045 — 12015 — 60445 + 90gn5 + Onns)

—2(Of6 — 120446 + 90 16 + Ogg6 + 9016 — 60ns)] »

ﬁ (=60 414 + 90794 + 9014 + Ogga — 120g14 + Oppa)
— (Ofp5 + 90495 — 12015 — 60495 + 9O0ghs5 + Ohh5)] ,
27\1/5 [(Of94 - th4 + Ogg4 - Ohh4)
— (=Ogs5 = Ofgs + Ogns + Opps)]
Q\f [(Ofga = Opna + Ogga — Oppa)
+ (=Oys5 — Ofgs + Ogns + Opns)
~2(Ofp6 + Ofns — Oggs — Ogns)] »
f (=30 g4 + 30spa + Ogga — Onna)
— (=05 + 3095 — 30gns5 + 0hh5)] )

—ﬁ [(—30fg4 + 304 + Ogga — Onpa)

+ (=Oyss5 + 3045 — 30gn5 + Onns)
— 2(Off6 — 3th6 - Oggfi + 3Ogh6)] ’

(C.17c¢)

(C.17d)

(C.17e)

(C.17f)

(C.17g)

(C.17h)



C.3. Relation of lattice operators to 4 operators

(@24,DD)1 ﬁ [(Off4 + 20494 +20sp4 + Ogga + 204h4 + Oppa)

+ (Off5 + 20495 + 2015 + Oygs + 20g15 + Onns)
+ (Ogf6 4 20 146 + 2016 + Oggo + 20,416 + Onns)] (C.17i)
(‘@24,DD)2 = (2011 — Ojga — Opna + Ogga + 2044 + Oppa)
+ (Oyps — Oy + 2015 — 204g5 — Ogns + Opns)
+ <Off6 + 20146 — Ofne + Oggs — Oghe — 20hns)] (C.17j)

(Z3.00) 3 = 505 (20574 = 30191 — 30 ha + 3091 — 60ghs + 30h1a)
(3Off5 — 3Ofg5 — 6th5 + 20g95 — 3Ogh5 + 30hh5)
+ (30416 — 6046 — 30116 + 30g96 — 30gn6 + 20ms6)] , (C.17k)

(=604 + 90744 + 90 s + Oggs — 120gp4 + Ohna)
(Off5 + 9Ofg5 — 12th5 60995 + 909h5 + OhhS)
+ (Of6 — 120446 4+ 90 sh6 + Ogg6 + 9Ogns — 60n16)] - (C.171)

(‘@24,DD)4 = 2 1258

C.3. Relation of lattice operators to H(4) operators

In the following we will relate the lattice operators defined in egs. , , and
to those of [52]. It is implied that within the generic operators appearing on the right-
hand sides of these equations the quark flavors are chosen such that they agree with
the conventions for the baryon B. For the operators without derivatives in the

H(4) representation 7'11*2 we have

—o® —of" +o
oW o _o®
B0 _ 9 . OBo0 _ y 9 , 0200 =4v2 9 , (C.18a~
T2 —(”)%;2) T8 —O%;)) +O%i) ( )
+09 +09 _09

where the operators for the structure V+.A (or V—A) can be obtained by replacing Oy
by O7 (or Og). For the operators with derivatives it is additionally implied that on the
right-hand side the position of the derivative is set as mandated by the superscripts Imn
(with [ +m +n = 1). In the H(4) representation 721*2:

@ -0 +0
B lmn B lmn B,lmn
- 4\[ _O(’ég ’ - 4\[ _O(D9§ ’ OT,Q =4 _O(Ig) ’
® 1) )
+O0p7 +O0p7 —Opr
(C.19a—c)
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where the operators for the structure V+.A4 (or V—.A) can be obtained by replacing Opz;
by Ops (or Opg). For operators with two derivatives (I +m +n = 2) we use the multiplets

from the H(4) representation 75*1:
o¥
6
8 | Obps
V3| 0%,
1
O

ot — (C.20)

where the operators for the structure V+.A4 (or V—A) can be obtained by replacing Oppg
by Oppa (or Opps).

Similarly, the operators which are relevant for higher twist normalization constants (see
section can be expressed in terms of O;_5 belonging to the H(4) representation 7'14.

In the chiral-odd sector we have

1 1
0%2; 0%2;
VB — g /5| G| V-aBo — 43| %[ (21 b)
0B o)
3 4
O§4) Off)
relevant for A{B , and
otV
e
(S—P)BO0 — 9./ ?3) 7 (C.21¢)
O;
oy

20{" + oV oy
2| 20? + OF oy

B,000 __ 4 1 2 B,000 __ 2 -
20" + oY oy
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Appendix

Second order shape parameters

and their renormalization

Over the course of this work we have so far omitted most equations concerning the
renormalization of second order shape parameters in order not to overcrowd the main text

with long formulas. Instead, they are collected in this appendix.

D.1. Expression as second moments of standard DAs

Analogous to what has been shown for the lower orders in section the second order shape
parameters of the baryons can be calculated as linear combinations of second moments.

For B#A we find

o0 (2) = [V=Al5o + [V—Alfzo + [V—Alghs

+ 2[V=AJG, + 2[V-Alfy; +2[V-Alfi, (D.1a)
o0 (2 2) = = Tigo + Toao + Tooe + 2To11 + 2110, + 2T, (D.1b)
@ﬁﬁlz\) 5 ((V=Al3h0 — 2[V-Algh + [V—Alfie
— V=AJf1 + 2V-Alfo; - [V-Al{io) , (D.1c)
7737&(/2&) 3 (T3do + Todo — 2T002 — Toi1 — Tion + 2T150) (D.1d)
g = 3[V—Alg + 2[V-Algh + 3[V—Algps
= 3[V—AJgy — 6[V—Alfy; — 3[V-AJfi . (D.1e)
T8N = 3TR ) + 318, + 218, — 318, — 315, — 6Th,, (D.1f)
oy = [V—Alsh0 — 6]V— Al + [V—Alfpe
+9[V=AJ§y, — 12[V=A]fy; +9[V-Alfjp, (D.1g)
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Appendix D. Second order shape parameters and their renormalization

BN =B+ TE, — 615, + 915, + 918, — 1215, (D.1h)
phrd) = H(V-Al5 — [V-Alfy, — [V=AIF, + [V-A41F) , (D.1i)
Pt = [V=AlR, — [V-AlG, + 3[V-A§, — 3[V-A]D,, (D.1j)

whereas the A once again has a different set of moments, namely

Pdo,(2) = \/g([V_A]SOO + VAo + [V—Algoz

+ 2[V—AJgy, + 2[V—Alfo; +2[V-Alo) , (D.2a)
80?1,(2) = %([V_A}IQXOO — 2[V—Alfy + [V—Aljoe
— V=AJjy1 + 2[V=Alo; — [V-Alf1o) , (D.2b)
o0 = \/%(3[‘/—14]300 + 2[V—Algo + 3[V—Al o,
- 3[V—A](j)\11 - G[V—A}lem - 3[V—A]i\1o) ) (D.2¢)
Py = \/%([V—A]Soo — 6[V— A + [V—Alfos
+9[V—Alg; — 12[V-Alj; +9[V—-Ao) , (D.2d)
90[1\0,(2) = _\/g([V_AB\oo — [V-Algpy — [V-Algis + [V_A]/I\lo) ; (D.2e)
7#0,(2) = \/%(Tg})o — Tgno — Tonr + Titn) » (D.2f)
8091 = _‘/6([‘/—14]12&00 - [V—A}é\oz + 3[V_A]€11 - 3[V—A]/1\10) ) (D.2g)
T = V6(Tao — Toso + 3Tey1 — 3T, ) - (D.2h)

D.2. Lattice correlation functions

To be able to access the second moments on the lattice we define the following leading
twist combination of operators with two derivatives (I +m +n = 2):

Bl B, B, B, Bl
O ™™ = =727 o5y + M2 1oy — MYsnX sy + 2 nX e - (D-3)

The general builing block Xgr’,rl:;n is defined in eq. , and X can be V, A4, or T.

In this case we have one four-spinor of operators, in accordance with the fact that we
want to use operators from the four-dimensional H(4) representation 724, cf. eq. . As
a reminder: We chose this representation because its operators with two derivatives are
immune to the undesirable mixing with operators of lower dimension, see table on
page [64 and the related discussion in section [3.4.1] A consequence of having 4- instead of

12-dimensional multiplets is that there are fewer independent correlation functions than in
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D.3. Z-factor

the case of one derivative. For lattice calculations of the second moments (I +m +n = 2)

we suggest to evaluate the following set:

R (t,p) = (727308 (¢, ) N2 (0) (v2) 1)
Eg(mp + kEg) + kp} o~ Ent

= —cx XppnV ZBp2ps o (D.4a)
O () = (11308 "™ (t,P))r NE(0) (91 ) 1)

= +ex X\ ZBP1p3 Ep(ms +;jB) + ks e Ent (D.4b)
C/]g,’émn(tv p) = (208" (t, ), NE(0)(v4).)

= —cx XV ZBpip2 En(mp + kEp) + ks e Brt (D.4c)

Ep
At least two nonvanishing components of p are required in order to obtain nonzero values
for the correlation functions involving the operators with two derivatives. Naturally, one
should evaluate CX M with p = 27(0,41,+1) and p = 2—”(O +1,F1), evaluate C’B fmn
with p = 27(+1,0,+1) and p = 27(£1,0,F1) as well as Cy’ BImn ith p = %(iLil,o)
and p = 27(£1,¥1,0).

By calculating the correlators defined above on the lattice and then fitting the results
to the respective expected expressions on the right-hand sides one can extract lattice values
imn Of the standard DAs X = V, A, T, and therefore, by virtue of the

equations given in the previous section, also for the second order shape parameters.

for the moments X2

D.3. MS Z-factor

In section [3.5.1] we gave results for the Z-factors of three-quark operators with less than
two derivatives. Here we will now present the result for the remaining, most complicated
case. Given two derivatives, there are a total of 6 possibilities for their positions: 3 with
both derivatives acting on the same quark and 3 with derivatives on two different quarks.
The Z-factor has a 6 x 6 matrix structure intermixing the vertex functions with the various

derivative positions:

S
g7 (p1,p2, p3) g;;;g? = (p1, p2, p3)
g (p1,p2, p3) Hgllgjgf’ = (p1, p2, p3)
1203, iV ahabal, v
B16283 (p1,p2,D3) — goaza3 B1B2fs (p1,p2,p3) ' (D.5)
Hy' 520"~ (p1, p2, p3) MG RS () o ps)
Hyg' 57" (p1, p2, p3) Hg' 525"~ (p1, p2, p3)
gfg;;,g’“’y’*(pl,pz, p3) Hglléﬁ?”“’ " (p1,p2,p3)
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Appendix D. Second order shape parameters and their renormalization

Our one-loop result for this Z-factor is

ag 1 Z Z
Z =16 ®Tgp0 — =T @ Tooo + [ -2 %) + O(a?), (D.6)
2me Zis Zad

where, for better readability, we have partitioned the nontrivial parts into 3 x 3 blocks
responsible for two derivatives on the same quark, derivatives on two different quarks, or

the mixing between those sectors{’|

o 1
Zss = 48; “1s® (To22 + 202 + Ta20)
3lp22 T'220  T'202 26 -3 -3
As Qg
+ =| Togg 3292 Tgoe | +—=|-3 26 —-3]| ®T000, (D.7a)
1447w € 367 €
Ia02 T2 3I'22 -3 -3 26
as 1
Lag = -1 I I I
dd = 5 =13 ® ( 022 + 202 + 220)
—To22 2T'220  2I'202 31 -8 -8
Qs 1 Qg 1
+ =| 2220 —T'202 2T022 | + -1 -8 31 —8| ®Tlgo, (D.7b)
1447 € 367 €
2202 2I'g22  —T'229 -8 -8 31
) 0 Taoo2 T'220 ko 1 0 -1 -1
o «
Zsq = 326%; = 48722 Tgo2 0 Toog | + 12;2 -1 0 —-1]®Tg0- (D.7C)
Po22 T'p2 0 -1 -1 0

As far as the anomalous dimension matrix is concerned, we will refrain from writing down
the full expression. Instead, we will point out that in the cases of zero and one derivatives
a relation between the Z-factors (egs. and (3.71))) and the anomalous dimension
matrices (egs. and (3.72))) can be observed: The one-loop anomalous dimension can
be obtained by taking the gauge-independent part of the one-loop contribution to the
Z-factor and multiplying it by 2€. The same also holds for the anomalous dimension matrix
for operators with two derivatives. All of the anomalous dimensions of the shape parameters
given in egs. are related to eigenvalues of this matrix by a factor of a/(27).

D.4. Conversion factors

The calculation of the RI/SMOM-to-MS conversion factors for the second moments proceeds
analogous to section [3.5.3] This time we are working with operators with two derivatives

from the representation 7'2A. The 2 x 2 mixing matrix C' (ﬂf D D) for the singlet multiplets

"8The transpose operation in the last line applies to the 3 x 3 matrix structure.
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D.4. Conversion factors

is given by
4 _ Qs 11317 7393 11 3419 1 73 1
C(yzDD)ll =1+ E(‘ 2502 46656 IH(Q) + 9720 (3) - %wl (Z)) )
4 Qs 35171 _ 10612 | 127 1 1
C(y2,DD)22 =1+ E(‘ 1320 — 43207 T 360¢1 (5) 96¢1(Z))
4 Qs 2171 5129 2 1 1 1
C(yZ,DD)Ql = ﬁ@ (_W T 648007 ﬁ (2) 54001/’1(3) + ﬁwl(Z» ’
4 Qs 79 1003 2 127 1 29 1
C’(j@ DD)12 = \/5? (—m ~ 466567 —ln(2) 9720 (3) + %1/’1(1» - (D.8a—d)

In the octet sector we have a 6 X 6 conversion matrix C’(ﬁ2 D D) which is block diagonal.

The nonzero entries are

C(Z5 D) yon Vm,n € {1,2,3,4},

(03 =
(2.00) C(Z5pp) Vm,n € {5,6}. (D.8e)

m—4,n—4

Finally, there are 4 decuplet multiplets and a corresponding matrix C (.@2 D D) specified by

the components

0(924,DD)11 :1+%<_%_%W2+%1 n(2 )+2782?f15¢1( 3157701 >
C(‘@;{DD)M =1+ %Q%(_% - % ? + 120 ln( )+ 120%( + 2187890 )
C(‘@iDD)SZS =1+ %;(_% - 368%5820307r2 + % In(2) + 156022030¢1(3) 96011}1(4))
C( T pp)as = 1+ 1o (50 — 1483 — i n(2) + B (3) + va (1)) -
C(Z5pp)s = V572 (15 — ot — 55 (D) — Bva(3) + Bhn(3))
C(gél,DD)m - ‘/5%? (% — gra05™ — m90?1(3) + 380091 (1 ))

C(P5pp)s = VB (5% + B+ B (@) + $%5vi (3) - i (D).
C(QQ%DD)B - \/%% <_% N 641807r T 5 In(2) + 1350¢1( ) - 1200%( ))
0(924,DD)32 = %%;( % - 1142757942430772 - % In(2) — 61125167017bl( ) + 336513877&1(%))
C(Zpp)as = V5o (— 28 — 520857 — 5 n(2) — i85 () + &5 (1) )
C(Zpp)in = VB2 (— sk — Hssm — B84 n(2) + 28601 (3) + #8501 (4))
C(@%DD)M = ?%(415 + WZ()W2 535 In(2) — 47251/’1( )+ Tlood’l(%)) J
C(‘@§,DD)42 - %%( 1%59331290 - 210100632704810 m — 125444830 In(2) + 41137792630 wl(l) + 1252 U1 (%)) )
C(9§,DD)24 = %%( % - 623%230772 21130l (2) + 40501/’1( )+ 8400¢1( ))
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Appendix D. Second order shape parameters and their renormalization

4 _ 43 %s 41401 2129159 2 _ 4883 87457 1 551 1
C( 2,DD)43 - \/;ﬂ <_696600 ~ 00310400~ 25800 11(2) + 2089800w1(§) - 82560w1(1)> g

4 _ 43 % (1007 8353 . 2 47 347 1 103 1
C(Zy,pp)ss = 5@1;:(1ﬂi5+‘2mwooﬂ"—‘ﬂﬁﬁln(2)+'@ﬁadﬂ(§)‘—‘ﬂﬁﬁﬁﬂ(z))- (D.8fu)

D.5. Renormalization

The combined renormalization and conversion factors for the second order shape parameters

are calculated using operators with two derivatives from the H(4) representation T§ and

are defined as

gl _ (CqZ}]at,RI/)S/ZC(%éDD)Zlat,RI’(%iDD) for 4 € {S,0,P}. (D.9)

At the flavor symmetric point there is only one independent leading twist DA, namely

¢’ + @, which is, at second order in the conformal expansion, fully characterized by

the 6 parameters ¢ 2), ¥11,2), 00 P32, Plo,2)> and @3y, cf. egs. (B.17a-b). Their
renormalization is described by the octet matrix Z7%2:

8050,(2) 9060,(2) o
\/gﬁl,@) \/5¢Tl,(2)
*
f@ = 7% f‘ﬂ%{) . (D.10)
324 P22 324 £22
\/5@1(0,(2) \/59010,(2)
5051 105

In the real world, where SU(3) flavor symmetry is broken, the distribution amplitudes g
lead to additional independent parameters. For the N, 3, and = baryons the moments
of @f#A have siblings in 87, called Tr(%f’éé\), ﬂﬁﬁ%, 7TQBO7SA, and 772%7“\, while for the
A baryon the DA II* contains partners W{XO’(Q) and 7, of the moments of ®*, leading to a

total of 10 or 8 parameters, respectively. The renormalization pattern is given by

900535(/2\) (P(%,(z) o
W(%%(Q) 77(])%,(2) @30,(2) SOOAo,(z) o
\/5901191%) \/5905,(2) \/5<P11X1,(2) \/590/1\1,(2)
\/gﬂﬁﬁ% \/gﬂﬁ,(z) 1205 oh
Bong _ gv2.B Ben B _ ge2A 352
%%Bo#[\ %772% 7 \/5<P11X0,(2) \/5801\0,(2) ’
\/314:5490}2%#/\ \/3%@2% \/577{\0,(2) \/EW{\O,(z)
3%”2%#/‘ 3%7755 %9091 %805\1
\/590%%(/2&) \/590?0,(2) %7791 %”91
Sopr og) (D.11a-b)
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D.5. Renormalization

with the matrices

Opa 0o
Bt B3 Bf; Bf; 2; 2;
15 16
Bg Bg Bg: N S
32972 3709
e M mp | omg | omg | omp |MADVAT)
35 36
BY B B By | B
32,577 37,67
zle 2709 700 2700 709 2709 70> 2709 3709 37572
702 2789 707 278572 78597 2208 7072 22587 3707 3757
37072 37072 37072 3707 709 2709 709 2708
329%2 3257 37572 37257 259 27090 7572 2258
32572 32597 37572 37972 2597 22870 7572 2258
P 37072 37072 3707 3707 707 2709 709 2208 (D.125-b)
325%> 325 37572 32572 e e
37572 37572 37572 3707 %5 56
32572 325 37572 32572 B2 -
3209 3709 3709 370¢ o o

Similar to the situation in case of the first order shape parameters (compare section ,
the incorporation of the moments of ITB#A requires additional information from the
renormalization matrix of operators with the symmetry of the decuplet (Z 2 #2) while the
renormalization behavior of the moments of TI* is affected by the singlet sector (Z7¢2).

This nontrivial behavior is manifest in the 2 x 2 submatrices

O'p2 D2 Ops _ oy Pp2

(o SET) vienaan

e _ ) \Zy T 22T 2

L 4 3 4 S
(Zijw +2Z7 05 2257 22,705

Opa S P2 Opa S pa
27 =2 2257+ 205

) Vi,j e {5,6}. (D.13)

v
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