archives-ouvertes

Effective Field Theory for Baryon Masses
Xiulei Ren

» To cite this version:

Xiulei Ren. Effective Field Theory for Baryon Masses. High Energy Physics - Lattice [hep-lat].
Université Paris-Saclay; Beihang university (Pékin), 2015. English. NNT: 2015SACLS156 . tel-
01281326

HAL Id: tel-01281326
https://tel.archives-ouvertes.fr/tel-01281326
Submitted on 2 Mar 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://tel.archives-ouvertes.fr/tel-01281326
https://hal.archives-ouvertes.fr

@
universite

PARIS-SACLAY

NNT : 2015SACLS156
g UNIVERSITE

N PARIS
SUD

THESE DE DOCTORAT
de
BEIHANG UNIVERSITY
et de

L UNIVERSITE PARIS-SACLAY
préparée a I’Université Paris-Sud

ECOLE DOCTORALE N°576
Particules, Hadrons, Energie, Noyau, Instrumentation, Imagerie, Cosmos et
Simulation (PHENIICS)
GRADUATE SCHOOL of PHYSICS

Spécialité de doctorat: Physique Hadronique

Par

M. XiuLei REN

Effective Field Theory for Baryon Masses

Theése pré&enté et soutenue aBeijing, Chine, le 10/12/2015:

Composition du Jury :
M. B.-S. Zou, Directeur de Recherche, ITP-CAS, Président du Jury

M. U. van Kolck, Directeur de Recherche, CNRS, Directeur de thése
M. J. Meng, Professeur, Peking & Beihang University, CoDirecteur de thése @
. L.-S. Geng, Professeur, Beihang University, Co-encadrant de thése
me C. Alexandrou, Professeur, University of Cyprus, Rapporteurse

M. Schindler, Professeur, University of South Carolina, Rapporteur
L.-H. Zhu, Professeur, Beihang University, Examinateur

M
M
M
M. L.
M. J. Carbonell, Directeur de Recherche, CNRS, Examinateur




To My Dear and Loving Parents and Maternal Grandma



Copyright Clarify

Copyright ownership belongs to the author, shall not be reproduced, copied, or used in
other ways without permission. Otherwise the author will have the right to pursue legal
responsibilities.



Abstract

Mass is one of the most fundamental properties of matter. Understanding its origin has long
been a central topic in physics. According to modern particle and nuclear physics, the key
to this issue is to understand the origin of nucleon (lowest-lying baryon) masses from the
nonperturbative strong interaction. With the development of computing technologies, lattice
Quantum Chromodynamics simulations provide great opportunities to understand the origin
of mass from first principles. However, due to the limit of computational resources, lattice
baryon masses have to be extrapolated to the physical point. Chiral perturbation theory, as an
effective field theory of low-energy QCD, provides a model independent method to understand
nonperturbative strong interactions and to guide the lattice multiple extrapolations. Therefore,
we present the interplay between lattice QCD and chiral perturbation theory to systematically
study the baryon masses.

In the SU(3) sector, we study the lowest-lying octet baryon masses in covariant baryon
chiral perturbation theory with the extended-on-mass-shell scheme up to next-to-next-to-next-
to-leading order. In order to consider lattice artifacts from finite lattice box sizes, finite-volume
corrections to lattice baryon masses are estimated. By constructing chiral perturbation theory
for Wilson fermions, we also obtain the discretization effects of finite lattice spacings. We
perform a systematic study of all the latest ny = 2 + 1 lattice data with chiral extrapolation

phys.
(mq — myg

), finite-volume corrections (V' — 00), and continuum extrapolation (a — 0). We
find that finite-volume corrections are important to describe the present lattice baryon masses.
On the other hand, the discretization effects of lattice simulations up to O(a?) are of the order
1% when a ~ 0.1 fm and can be safely ignored. Furthermore, we find that the lattice data from
different collaborations are consistent with each other, though their setups are quite different.

Using the chiral formulas of octet baryon masses, we accurately predict the octet baryon
sigma terms via the Feynman-Hellmann theorem by analyzing the latest high-statistics lattice
QCD data. Three key factors — lattice scale setting effects, chiral expansion truncations
and strong-interaction isospin-breaking effects — are taken into account for the first time. In
particular, the predicted pion- and strangeness-nucleon sigma terms, o,y = 55(1)(4) MeV
and osy = 27(27)(4) MeV, are consistent with the most latest lattice results of nucleon sigma
terms.

With the success in the study of octet baryon masses, we also present a systematic analysis
of the lowest-lying decuplet baryon masses in covariant baryon chiral perturbation theory by
simultaneously fitting ny = 2 + 1 lattice data. A good description for both the lattice and the
experimental decuplet baryon masses is achieved. The convergence of covariant baryon chiral
perturbation theory in the SU(3) sector is discussed. Furthermore, the pion- and strangeness-
sigma terms for decuplet baryons are predicted by the Feynman-Hellmann theorem.

In addition, understanding the excitation spectrum of hadrons is still a challenge, especially
the first positive-parity nucleon resonance, the Roper(1440). The baryon spectrum shows a
very unusual pattern that the Roper state is lower than the negative-parity state N (1535).
Most lattice studies suggest that the Roper mass exhibits much larger chiral-log effects than
that of the nucleon. Therefore, we calculate the Roper mass in chiral perturbation theory by
explicitly including the nucleon /Delta contributions. The mixed contributions between nucleon



ii

and Roper to the baryon masses are taken into account for the first time. A first analysis of
lattice Roper masses is presented.

Keywords: effective field theory, chiral Lagrangians, lattice QCD, baryon masses, sigma
terms



Résumé

La masse est une des propriétés les plus fondamentales de la matiere. Comprendre son
origine a longtemps été un sujet central en physique. D’apres la physique nucléaire et la
physique des particules modernes, la clef de ce probleme réside dans la compréhension de
I’ origine de la masse du nucléon (baryon de masse la plus petite) a partir de I’ interac-
tion forte. Avec le développement des technologies informatiques, la chromodynamique
quantique sur réseau offre la possibilité de comprendre 1’ origine de la masse a partir des
premiers principes. Cependant, di aux ressources de calcul limitées, les masses obtenues a
partir des calculs sur réseau doivent étre extrapolées jusqu’au point physique. La théorie
chirale des perturbations en tant que théorie effective des champs de QCD a basse énergie
est une méthode indépendante de modele permettant de comprendre 1’ interaction forte
dans la région non perturbative et de guider les diverses extrapolations nécessaires pour
passer du résultat lattice au résultat physique. Le but de cette these est donc d’utiliser la
complémentarité entre QCD sur réseau et théorie chirale des perturbations afin d’étudier

de fagon systématique les masses des baryons.

Nous étudions les masses de 'octet baryonique le plus léger dans le cadre de la théorie
chirale covariante des perturbations pour les baryons. Nous utilisons la méthode ”extended
on mass shell” jusqu’a l'ordre trois fois sous dominant. Afin d’étudier les artefacts des
calculs sur réseau dus a la taille finie de la boite nous calculons les effets de volume fini.
Adaptant la théorie chirale des perturbations a des fermions de Wilson nous obtenons aussi
les effets de discrétisation di au pas a fini du réseau. Nous étudions de fagon systématique
toutes les données réseau en tenant compte a la fois de I’ extrapolation au continu (a — 0),
des corrections de volume finie (V' — o) et de I'extrapolation chirale (m, — mPhs ot m,
est la masse du pion). Nous démontrons I'importance des corrections de volume fini dans
la description des masses des baryons sur réseau. Par contre les effets de discrétisation sont
de T'ordre de 1% jusqu’a l'ordre a® et peuvent donc étre ignorés sans probléme. De plus
nous trouvons que toutes les données sur réseau prises en compte sont consistentes entre

elles malgré des différences notables dans les procédures adoptées.



Utilisant les formules chirales des masses des baryons nous prédisons de facon précise
leurs termes sigma via le théoreme de Feynman-Hellmann en analysant les données sur
réseau les plus récentes dont la statistique est élevée. Les effets dus au pas du réseau, a
la troncation de la série de perturbation chirale et a la violation d’isospin de l'interaction
forte sont pris en compte pour la premiere fois. En particulier le terme sigma pion nucléon
o-n = 55(1)(4) MeV et le "strangeness sigma term” oy = 27(27)(4) MeV sont en accord

avec les résultats réseau les plus récents.

Au vue des succes rencontrés lors de I’étude des masses de 'octet baryonique nous avons
aussi fait une analyse systématique des masses du décuplet baryonique le plus léger dans la
théorie chirale covariante des perturbations pour les baryons en fittant de facon simultanée
les données réseau ny = 2+ 1. Une bonne description a la fois des données réseau et des
masses expérimentales est obtenue. La convergence de la série de perturbations dans le
secteur SU(3) est discutée. De plus les termes sigma sont prédits a ’aide du théoreme de

Feynman-Hellmann.

Enfin comprendre le spectre d’excitation des hadrons est encore un challenge. En par-
ticulier le spectre des baryons a une structure tres inhabituelle, la résonance Roper (1440)
de parité positive étant plus légere que I'état de parité négative N(1535). La plupart des
études sur réseau suggere que les effets des log chiraux sont plus importants pour la masse
de la résonance Roper que pour celle des nucléons. Nous avons donc calculé la masse de
cette résonance en théorie chirale des perturbations en tenant en compte de facon explicite
des contributions du nucléon et du A. Les contributions venant du mélange entre le nucléon
et la résonance Roper sont étudiées pour la premiere fois. Une premiere analyse de la masse

de cette particule est présentée.

Mots cls: thorie effective des champs, Lagrangiens chiraux, QCD sur rseau, masses

des baryons, termes sigma
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CHAPTER 1

Introduction

Mass, as an essential property of matter, was firstly introduced by Issac Newton in his book
The Mathematical Principles of Natural Philosophy in 1687 [1]. According to the different
methods to measure the mass, there are two definitions of mass: inertial and gravitational
mass. Inertial mass, which can be measured by the use of Newton’s second law F' = ma,
denotes the inertia of an object. Gravitational mass, which can be measured by Newton’s law
of gravity ' = GMm/r? (F is the force between the masses M and m, G is the gravitational
constant, and r is the distance between the centers of the masses), represents the response of one
object to the gravitational force. With the requirement of Einstein’s equivalence principle |2],
gravitational mass is identical to inertial mass. Up to now, all experimental researches, e.g.
the famous Eotvos experiment [3], also show that inertial mass and gravitational mass are
equivalent.

Mass has been introduced in many physical theories as a fundamental quantity. However,
understanding the origin of mass is still a hot topic in the exploration of our ordinary matter
world '. In the 1960s, with the famous Higgs boson proposed, the masses of fundamental
particles (such as quarks, leptons, gauge bosons) can be produced by the Brout-Englert-Higgs
mechanism [4-6]. This mechanism was confirmed in 2012, when the Higgs particle was observed
by the ATLAS [7] and the CMS [8] experiments at CERN’s Large Hadron Collider. Following
the discovery, Peter Higgs and Francois Englert were awarded the Nobel Prize in Physics in
2013 for their extraordinary work in theory. However, the Brout-Englert-Higgs mechanism does
not tell the whole story. When one explores the production mechanism of mass of ordinary
matter, one finds that the Higgs mechanism can only provide about 1%. Where is the majority

of contributions coming from?

1.1 Origin of mass

In order to understand the origin of mass, let us first examine the hierarchy of ordinary matter.
Ordinary matter is made up of atoms and molecules (an electrically neutral group of two or
more atoms). Because the binding energies of atoms/molecules introduced by van der Waals’
interaction and chemical bond are much weaker compared to atomic masses, the study of
the origin of mass can be attributed to the understanding of atomic mass. As illustrated in
Fig. 1.1, an atom is composed of one or more electrons [9] and a nucleus [10], which is a
bound system of protons or/and neutrons [11]. According to the Standard Model of particle
physics, the proton and the neutron are comprised by u, u, d and u, d, d three quarks [12,
13|, respectively. These fundamental particles within the atom interact with each other via

The ordinary matter is always called baryonic matter, which is not only the everything you see (e.g. the
sun, rivers, mountains, mobile devices, food etc.), but also the nonvisible matter composed of baryons.
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Figure 1.1: Structure within the atom.

four fundamental interactions: gravitational interaction, electromagnetic interaction, strong
interaction, and weak interaction.

However, on the scale of atomic matter, the gravitational force can be neglected due to the
weak interaction strength. The weak interaction can also be ignored, since it is responsible for
the nuclear decay processes and irrelevant to the formation of bound systems. As a long-range
force, the electromagnetic force plays an important role in binding electrons and nucleus to
form an atom. And, the strong interaction, the strongest force of the four, is responsible for
binding u, d quarks to form nucleons and binding nucleons to form a nucleus.

All in all, the mass of ordinary matter can be the sum of the masses of particles within the
atom (shown in Fig. 1.1) and the energy of electromagnetic and strong interactions (according
to Einstein’s mass-energy relation E = mc? [14], with the light speed ¢ = 1 in natural units).

At the hadronic level, the picture is quite intuitive that the mass of an atom equals to the
masses of electrons and nucleus minus the binding energies between electrons and nucleus. The
electron mass is m. = 511 keV, which is about 1/1836 of nucleon mass (My = 939 MeV), and
the mass loss induced by binding is extremely small (at electron volt (eV) level). Therefore,
the mass of an atom is mainly from the nucleus mass. Because protons and neutrons are
bound into a nucleus with the residual strong interaction, the mass of nucleus equals to the
sum of masses of nucleons minus the binding energy. The average nuclear binding energy is
about 8 MeV per nucleon, which only accounts for less than 1% of nucleon mass, therefore,
the mass loss is negligible comparing to the total nuclear mass. Consequently, we find that
the masses of nucleons provide the vast majority of atomic mass. In order to make this point
clearly, we take iron-56 (*Fe), one of the most tightly bound nuclei (binding energy is about
8.8 MeV per nucleon), for example. It contains 26 electrons, 26 protons, and 30 neutrons. The
atomic mass of 5Fe is 55.935 u (~ 52103.1 MeV) in unified atomic mass units. The masses
of electrons, 26 x 0.511 = 13.286 MeV, only account about 0.025% of total mass of *°Fe. The
major contributions are the nucleus mass of *°Fe, 56 x 939 — 56 x 8.8 = 52091.2 MeV, where
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Figure 1.2: The composition of proton.

the binding energy accounts about 0.95%. Therefore, the masses of nucleons provide 99% of
the atomic mass of iron-56.

As mentioned above, the nucleon is made up of three quarks, which are bound together
by strong interactions. But the physical picture becomes more complicated than the nucleus,
since the sum of quark masses is about 10 MeV (m, = 2.3f8:g MeV, mg = 4.8J_r8:§ MeV
at a renormalization scale u =~ 2 GeV [15]), which accounts for about 1% of nucleon mass.
The other 99% contributions are the mass-energy from strong interaction. In order to clearly
understand this phenomena, in Fig. 1.2, we present a more realistic picture of the composition
of proton. We can see that the proton not only contains three valence quarks, but also includes
tremendous sea quarks (quark and anti-quark pairs) and gluons, which provide most of proton
mass. Therefore, almost 98% of the mass of atomic matter could be from the strong interaction.
It would be of fundamental interest to understand the strong interaction to produce the nucleon

masses.

1.2 Baryon masses from QCD

Quantum Chromodynamics (QCD), as an important component of the Standard Model of
particle physics, is the part of the theory describing the strong interaction. The basic degrees
of freedom are quarks and gluons. In principle, QCD could provide a reasonable explanation
of the 98% of atomic mass. However, being a non-Abelian gauge theory, QCD possesses two
peculiar properties: asymptotic freedom and confinement. As illustrated in Fig. 1.3, quarks
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Figure 1.3: Running coupling constant as(Q) as a function of the respective energy scale Q.
The figure is taken from Ref. [16].

and gluons interact very weakly at high energy, allowing perturbative expansion in powers
of the running coupling constant «s. On the other hand, due to confinement, oy takes large
value at low energies, and QCD becomes nonperturbative. In order to tackle this problem,
lattice quantum chromodynamics (LQCD), effective field theories, and phenomenological quark
models are developed. Because the former two methods are usually deemed as the theory of
QCD, we would like to focus on their studies of nucleon (baryon) masses to understand the
origin of atomic mass.

Lattice quantum chromodynamics simulation is a numerical method for solving QCD in
the non perturbative regime with the QCD action directly discretized in a finite space-time
hypercube. The corresponding lattice QCD gauge theory was firstly formulated by Wilson
in 1974 [17]. The quark fields are located on lattice sites and the gluon fields are defined
as the links to connect adjacent two sites. With the development of computational ability
and advances of numerical algorithms, lattice QCD has undergone three developing stages:
the “quenched” approximation [18, 19| in 1990s, the “partial-quenched” approximation |20, 21]
in 2000s, and the fully dynamical simulations nowadays (around 2010). Therefore, lattice
simulations provide a powerful framework for a quantitative analysis of the baryon masses
from the nonperturbative strong interaction.

Recently, several LQCD collaborations have performed studies of lowest-lying octet and
decuplet masses [22-29], especially the BMW Collaboration [22|, which presented a significant
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explanation of the origin of mass from first principles. However, due to the limited computing
resources, most lattice simulations have to employ larger than physical light-quark masses 2,
finite lattice volumes and lattice spacings. In order to extract the observables at the physical
point, one has to perform multiple extrapolations of lattice baryon masses to the physical

point with physical quark masses (m, — mghys'

), to infinite space-time (L — o0), and to
the continuum (a — 0). For many observables, these extrapolations have led to uncertainties
comparable to or even larger than the inherent statistical uncertainties.

On the theoretical side, chiral perturbation theory (ChPT), proposed by Weinberg [32]
in 1978, is an effective field theory for low-energy QCD. The quintessence of ChPT is the
effective Lagrangian technique with an expansion in powers of external momenta and light
quark masses, which is constrained by chiral symmetry and its breaking pattern. After the
further generalization by Gasser and Leutwyler |33, 34|, ChPT became a very popular method
in studies of nonperturbative strong interaction physics [32-46]. At present, it has been suc-
cessfully applied to the meson sector (including static properties of mesons, the meson-meson
interactions, semileptonic decays, etc.) and the baryon sector (including static properties of
baryons, baryon-baryon interactions and other related processes). In ChPT, there exist un-
known low-energy constants (LECs) in the effective Lagrangians. But, once the values of LECs
are determined, ChPT can provide a model independent tool to explore the low-energy QCD.

Therefore, the combination between lattice QCD and chiral perturbation theory is a power-
ful strategy to study the nonperturbative strong interaction, and it can provide a trustworthy
interpretation of the majority of baryon masses from the strong interaction to further answer
the origin of mass.

Gratifyingly, chiral perturbative theory provides a model independent framework to study
the light-quark mass dependence, lattice volume effects and discretization effects of LQCD
results. In the last decades, baryon chiral perturbation theory (BChPT) has been applied to
study the ground state octet and decuplet baryon masses [47-68| with different renormalization
methods. Because the baryon masses do not vanish in the chiral limit, Weinberg power-
counting is violated in BChPT if one is not careful. In order to restore chiral power counting,
there are mainly three renormalization schemes, the so-called Heavy-Baryon (HB) ChPT [69],
the infrared (IR) BChPT [70] and the extended-on-mass-shell (EOMS) [71, 72] BChPT. In
addition to these dimensional renormalization schemes (MS and its derivatives), to speed up
the convergence of BChPT, other renormalization/regularization schemes are also proposed,
e.g., the cutoff scheme |73], the finite range regulator (FRR) method [58, 74, 75|, and the partial
summation approach [59]. Although the baryon masses have been systematically studied, most
calculations are up to next-to-next-to-leading order (NNLO). If one wants to perform a higher
order (e.g. next-to-next-to-next-to-leading order, N3LO) calculation, the number of LECs is too
large to be determined by the experimental results of baryon masses. Fortunately, as above
mentioned lattice baryon masses, such a study of N3LO expansion baryon masses becomes
available by fitting the lattice data. This study also provides a good opportunity to study the
convergence properties of SU(3) BChPT. Up to NNLO, it is found that HBChPT converges
not well [76]. And, the situation is much better in FRR and EOMS BChPT in the analysis
of PACS-CS and LHPC lattice data [56, 58]. Furthermore, as a covariant method, the EOMS

*We also notice that few lattice simulations with physical light-quark masses have become available (see,
e.g., Refs. [30, 31]) lately, which (will) largely reduce the systematic uncertainties related to chiral extrapolations
to the physical light-quark masses.
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approach not only satisfies all fundamental symmetries and analyticity constraints, but also
converges relatively fast. Therefore, in this work we would like to apply EOMS BChPT to
perform the chiral extrapolation of baryon masses up to next-to-next-to-next-to-leading order.
In order to apply this chiral formulas of baryon masses to analyze lattice data, one has to
consider the artifacts from finite volumes and lattice spacings.

Because the commonly employed lattice box size L is about 3 ~ 5 fm, finite-volume effects
cannot be neglected or included in statistical errors. In Refs. [77, 78|, Gasser and Leutwyler
suggested that one could use ChPT to evaluate finite-volume corrections 3. In the past decades,
most studies have employed either HB ChPT or IR BChPT and focused on the two flavor sector
(see, e.g., Refs. [80, 81]). Recently, two studies in the three-flavor sector have been performed
with HB ChPT [29] and EOMS BChPT [57] up to NNLO. It was pointed out that both
HB ChPT and EOMS BChPT can describe the NPLQCD data well with different values of
baryon octet and decuplet couplings [57|. However, it should be noted that the EOMS BChPT
extrapolation to the physical point is in better agreement with data than HB’s with the LECs
determined from LQCD data.

In order to apply ChPT to study LQCD results, in principle, one should first take the
continuum limit, since ChPT describes continuum QCD and is not valid for nonzero lattice
spacing. In the last decades, studies of the discretization effects of LQCD have made great
progress with Symanzik’s effective field theory [82-85]. At present, there are three versions of
discretized BChPT for Wilson fermions (WChPT), for staggered fermions (SChPT), and for
twisted mass fermions (tmChPT), respectively. The discretization effects on the ground-state
meson /baryon properties, such as masses, decay constants, electromagnetic form factors, etc.,
have been extensively studied in Wilson HBChPT [86-94]. Furthermore, similar studies have
also been performed in SChPT [95-102] and tmChPT [103-109]. However, the corresponding
studies are still missing in the framework of EOMS BChPT. It is interesting to note that
recently several attempts have been made to determine the unknown LECs of WChPT [110-
114].

Furthermore, in SU(3) BChPT one should also be careful about the contributions of the
decuplet resonances since the average mass gap between the baryon octet and the baryon
decuplet 6 = mp — mg ~ 0.3 GeV is similar to the pion mass and well bellow those of the
kaon and eta mesons, My, M,. In Ref. [47], HBChPT was enlarged to include the decuplet
and applied to calculate the octet baryon masses up to O(p?). It was shown in Ref. [48] that
the effects of the virtual decuplet on the octet baryon masses start out at O(p*) in the same
framework. For the spin-dependent quantities, the virtual decuplet contributions are found to
be important in HBChPT, such as magnetic moments [115] and axial vector form factors [116,
117]. In EOMS BChPT, the effects of the virtual decuplet are found to be negligible for
the magnetic moments of the octet baryons if the “consistent” coupling scheme for the octet-
decuplet-pseudoscalar coupling is adopted [118]. On the other hand, up to NNLO, the virtual
decuplet contributions seem to play an important role in describing the NPLQCD volume-
dependent data [57] and in the determination of the baryon sigma terms [119]. Therefore, it
is necessary to study the effects of the virtual decuplet on the light-quark mass and on the
volume dependence of the LQCD data at N3LO.

3The finite-volume corrections of scattering process can be studied by using the Liischer formula [79] and
its resummed version.
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To sum up, in this work, we would like to use EOMS BChPT to study octet and decuplet
baryon masses up to next-to-next-to-next-to-leading order. By constructing the chiral effective
field theory to take the lattice artifacts from finite-lattice volumes and lattice spacings into
account self-consistently, we could perform a trustworthy analysis of the lattice baryon masses.
With the obtained LECs, we could explore the convergent property of EOMS BChPT at
different chiral orders and predict the baryon sigma terms to interpret the composition of
baryon masses. We also can apply this strategy to study the baryon masses of excitation
states by including the excitation resonances in chiral perturbation theory.

1.3 Outline of the dissertation

In Chapter 2, the basic ideas and fundamental knowledge of lattice QCD are briefly introduced.
We take the lowest-lying octet baryons for example and review the recent lattice baryon masses
in detail. As the theoretical basis, in Chapter 3, chiral perturbation theory is elaborated by
including the essence of effective field theory, chiral symmetry of low-energy QCD and its
spontaneous and explicit breaking pattern. Applying Weinberg’s theorem, the general form of
chiral effective Lagrangians is constructed for the meson and baryon sectors. We also discuss
the three renormalization schemes to deal with the power-counting breaking terms appearing
in the calculation of baryon chiral perturbation theory. Next, we present the application of
ChPT to the study of lattice baryon masses in chapters 4-7. Firstly, in Chapter 4, we perform
a systematic study of lowest-lying octet baryon masses in covariant baryon chiral perturbation
theory with the extended-on-mass-shell scheme up to next-to-next-to-next-to-leading order.
The corresponding meson-meson and meson-baryon chiral Lagrangians are given. After calcu-
lating Feynman diagrams, we obtain the chiral corrections to octet baryon self-energies and the
finite-volume corrections at O(p?*). By constructing Wilson BChPT in the SU(3) sector, we
obtain the discretization effects for finite lattice spacing. In Chapter 5, we utilize the theoret-
ical expressions of octet baryon masses in a discretized finite-volume hypercube and perform
a systematic study of all the published lattice QCD data by including chiral extrapolation of
octet baryon masses, finite-volume effects, and finite-lattice spacing discretization effects. In
addition, the virtual decuplet effects on the chiral extrapolation and finite-volume effects are
systematically explored. In Chapter 6, we predict the octet baryon sigma terms, o,p and
osB, via the Feynman-Hellmann theorem by analyzing the latest high-statistics lattice QCD
data. Three key factors in determining sigma terms are clarified for the first time, including
effects of lattice scale setting, systematic uncertainties originating from chiral expansion trun-
cations, and constraint of strong-interaction isospin breaking effects. As a natural extension, in
Chapter 7, we present an analysis of lowest-lying decuplet baryon masses up to next-to-next-
to-next-to-leading order in EOMS BChPT. In order to determine the unknown low-energy
constants, we perform a simultaneous fit of lattice data from the PACS-CS, QCDSF-UKQCD,
and HSC collaborations, with finite-volume corrections included self-consistently. The pion-
and strangeness-sigma terms of the decuplet baryons are also predicted. With the development
of computer techniques, the baryon masses of excitation states are becoming available in lattice
simulations, especially for the Roper. In Chapter 8, the nucleon, Delta and Roper masses and
widths are systematically studied in an extension of chiral perturbation theory that includes
the Delta-nucleon and Roper-nucleon mass differences as low-energy scales. The contributions
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due to the mixing between nucleon and Roper are taken into account explicitly. The virtual
Roper effects on the nucleon and Delta masses are evaluated up to next-to-next-to-leading
order, as well as the effects of the nucleon and Delta in the Roper mass and width. Finally, a
brief summary and perspectives are given in Chapter 9. Furthermore, in Appendix A, we tab-
ulate the latest ny = 2+ 1 lattice results of lowest-lying octet baryon masses. In Appendices B
and C, the utilized Feynman rules and the method of loop integrals are presented, respectively.
In Appendix D, the strong isospin-breaking effects on octet baryon masses are calculated.



CHAPTER 2

Lattice Quantum Chromodynamics

Lattice Quantum Chromodynamics, as a numerical method to deal with nonperturbative low-
energy QCD from first principles, was proposed by Wilson [17] in the 1980s. LQCD has the
same input parameters as QCD: the running coupling constant s and the quark masses. There
are three steps to carry out a nonperturbative lattice simulation. First, in order to deal with
the renormalization problem of QCD, one should introduce an ultraviolet regulator into the
discretized theory in terms of the finite space-time grid. Second, using the path integral and the
Monte Carlo numerical method, the Green’s functions of lattice QCD can be evaluated. Third,
one should perform multiple extrapolations (chiral extrapolation, finite-volume corrections and
continuum extrapolation) to obtain the observables of interest in continuum space-time. In
this chapter, we present the basic ideas and fundamental knowledge of lattice QCD. Taking
lattice octet baryon masses as an example, we briefly introduce the extraction method, the
adopted lattice actions, volumes and spacings. And, recent LQCD studies of Roper mass are
summarized. For more details and the recent developments of LQCD, we refer to the recent
excellent reviews [120-129].

2.1 Fundamentals of lattice QCD

In this section, we overview the basic and key techniques in lattice QCD simulation. Because
the transition matrix elements can be evaluated by using the Feynman path integral approach,
we first discuss the technique of path integrals in LQCD.

In continuum QCD, the expectation value of one chronological operator O[d}, ¥, A,] can be

expressed in terms of a path integral in Euclidean space and time !

(0) = % / DYDY / DALOW, P, A Je” WMV+5), (2.1)

where 1 and v are quark and anti-quark fields, and A, is gauge field. The M is M = D+m
with the gauge covariant derivative D, = 0, + igA, and quark mass m. The gluon gauge
action is Sg = %GWGW with the gluon field strength G, = 9,4, — 0, A, —ig[A,, A,], where
g is the SU(3) structure constant. A, = A§T, with the eight gluon fields Af and T}, being the
SU(3) generators in the 3 representation. The partition function Z in Euclidean space-time
is [130, 131]

Z = / DYDY / DA, e~ (WM+5e), (2.2)

After performing the integration over fermion fields analytically and using its Gaussian struc-

ture,

/ DyDipe "M¥ o det(M), (2.3)

'We want to mention that the expectation values (O) in the path integral approach correspond to time-
ordered correlation functions.
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Figure 2.1: The fundamental ingredients of lattice QCD simulations in three dimensions: lattice
site, gauge link, plaquette (the smallest loop).

we can express the expectation value as
1 A v
<@=Z/b%®wmmM*Am“Wﬂ®ﬁ“, (2.4)

with
Z= / DA, det(M)ef (= 5CuwG™) (2.5)

Therefore, the expectation value of OA[’QZJ,TZJ, A, and the partition function are integrals over
only the background gluon gauge configurations with the quark contribution encoded in the
non-local term det(M).

In order to evaluate the path integral [Eq. (2.1)] in lattice QCD, one can discretize a finite
Euclidean space-time with length L into a number of unit cells with the lattice spacing a, as
illustrated in Fig. 2.1 for three dimensions. Here we only focus on the common isotropic case
in which the lattice spacings in all directions are equal. The corresponding temporal/spatial
coordinates of lattice sites are

x, =nyua, with n,=0,---, N, -1, (2.6)

where the a and N, are the lattice spacing and the number of lattice sites in the direction p,
respectively. The lattice size in the direction p is L, = aN,. In the studies of the properties
of hadronic ground states, the number of lattices in temporal dimension (N;) is always 3 ~ 5
times larger than the one in the spacial dimension (Nj).

In the discretized space-time, the quark field (¥(z)) is located in the lattice site,

Y — ¥(x) = (u(x),d(x),s(m),...)T, (2.7)



2.1. Fundamentals of lattice QCD 11

with three light quark fields u(x),d(x), s(x), and the gluon gauge field (U, (x,y)) is defined as
the link connecting the two adjacent sites,

A, — Uy(x,y) = Pexp(— /y A, (2)d"). (2.8)

T

In terms of discretized fields, the expectation value of operator (O) can be written as
1 _ _ _
(0) = Z/D\I/D\I//DU# O[w, T, U, e~ (YMU)T+5cU]) (2.9)

in the discretized space-time, with the quark operator M (U) and the gluon gauge action S (U),
which depend on the gauge field U. In principle, we can perform the integration over the quark
fields, and obtain

(O, 3.U)) = % / DU ()det M(U)O[M ) (U), U] =56V, (2.10)

Because there are 4 gauge links for each lattice site, and every gauge link is described by an
SU(3) matrix with 8 parameters, the number of integration variables in Eq. (2.10) is huge:
N3 x Ny x 4 x 8. Therefore, direct numerical integration is impractical and one has to use
Monte-Carlo techniques to generate all the sets of U on all links. The cost of lattice QCD is
roughly expressed as [132] 2 \
L 1 1

Cost (a> a2’ (2.11)
where the first factor is the number of lattice sites (N2N;), and the second and third factors
are due to “critical-slowing-down” of the algorithms used for the simulation. Here, we want
to mention that, at the annual conference of lattice QCD 2001, a practical formula was given
by Ukawa [133] with the standard Hybrid-Monte-Carlo (HMC) algorithm employed the CP-
PACS and JLQCD collaborations. In 2006, an updated formula of lattice cost was presented
using the domain decomposition ideas (DD) with HMC algorithm [134]. The number of Ny,
of floating-point can be expressed as

20 M L \°/0.1fm\°
Nop =k 0 — ev 0-1 fm Tflops x year, (2.12)
m 3 fm a

where mm is the running sea-quark mass in the MS scheme at renormalization scale 1 = 2 GeV
and k£ ~ 0.05 when one employs the O(a)-improved action. In order to guarantee precision
and statistical quality, the lattice spacing a is usually taken about 0.1 fm, and the lattice box
size is L = 3 ~ 5 fm.

In the last century, under the limitation of computer resources, the “quenched” approxi-
mation was employed in the lattice simulations [18, 19], wherein quark fields are treated as
non-dynamical “frozen” variables. It corresponds to taking det(M) = constant and neglect-
ing quark loop effects. After that, the so called “partially quenched” approximation [20, 21|,
where the determinant det(M) = det(IP(U) + msea) and the quark propagator = (1 + mya1) !
with Mmgea 7# Myal, wWas proposed. In this case, the quark loop contributions are partially
taken into account. Nowadays, with the development of computing power and numerical algo-
rithms, full-dynamical lattice simulations have become feasible. The international activity has

2
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begun to share the lattice QCD configurations, such as the International Lattice Data Grid
(ILDG) |http://plone.jldg.org/]. From this website, one can find several large collections of
ensembles of configurations.

When one discretizes the equation of motion for fermions, the fermion doubling problem
appears, which is manifested through the existence of extra poles in the Dirac propagator on
the lattice. These poles do not disappear even in the continuum limit @ — 0. In order to
explicitly show this problem, we write out the Dirac propagator in momentum space

i(1/a) % Yusin(apy) +m

[(1/a) %Isin(apu)P +m?

D(p) = (2.13)

In addition to the physical pole at p?> = —m?, there are also 15 additional poles located at the
edges of the Brillouin zone. This is because of the chiral anomaly [135] 3, which exists in the
continuum theory, while it is absent in lattice QCD [136].

In practical lattice calculations, one has to fix the fermion doubling problem by employing
different types of fermion actions, such as staggered fermions [137-139|, Wilson fermions [140],
twisted mass fermions [141, 142], and chiral symmetric fermions [143-146] (e.g. domain
wall fermions, overlap fermions).

2.2 Extracting baryon masses

In this section, we present the techniques to extract physical observables, especially baryon
masses. Hadron matrix elements can be calculated using two- or three-point correlation func-
tions. In order to extract the baryon masses, we take the two-point correlation function for
example:

(005 (,1)0}(0,0)(0), (2.14)
with the “source” operator O; and the “sink” operator Oy, representing the amplitude for
creating a state with the quantum numbers of O; at space-time point (0,0), annihilated by
Oy at (x,t). For the specific octet baryon state |B), the two operators should have non-zero
overlaps with |B) ((0|O; ¢|B) # 0).

One can perform Fourier-transforms in the spatial directions for Eq. (2.14)

Cis(p,t) = >_(0|0(x, )O}(0,0)[0)e =P (2.15)

x

Inserting a complete set of energy eigenstates, the correlation function becomes

Cus(p.t) = 3 g 010, 0] O] o)~ (216)

n

where the energy E,(p) is the nth-eigenvalue of H, and the factor 1/2E,(p) is due to the
relativistic normalization. If the octet baryon state |B) happens to be the lowest energy state,
the correlation function can become

1

Ci(t) 2o, m<O’Of|B><B’OI\O>€7EO(p)t7 (2.17)

3Frequently, a symmetry of a classical theory is also a symmetry of the quantum theory based on the same

Lagrangian. When it is not, the symmetry is said to be anomalous.
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since all other states die at the large enough t. Therefore, the octet baryon mass mp = Ey
can be extracted with the product of matrix elements (0|(9f|B>(B|(9;r|O>.

In principle, the expression of the correlator C;¢(p,t) can also be used to obtain the en-
ergies of the excited hadron states, which have the same quantum numbers as the operators
O; 7, by fitting the correlation function to a sum of exponentials. However, it is complicated to
extract excited state masses from these exponents as the correlation functions decay quickly.
The standard method is the variational method to determine the excited state hadron spec-
trum [147, 148|. This method has been widely applied in the study of the hadron spectrum.
Recently, a new method called Athens Model Independent Analysis Scheme (AMIAS) was
proposed in Ref. [149] and applied to study the excited state of nucleon [150].

The physical quantities computed from lattice QCD always depend on the lattice unit
(unknown lattice spacing a). Therefore, one has to use the scale-setting method, which is
to choose a well-known quantity at the physical point to determine the lattice spacing a, to
obtain the lattice results with the physical unit. We want to mention that a suitable physical
quantity demands the following conditions: it is easily calculated in lattice QCD with small
statistical errors, and it should have a weak dependence on the quark masses (for a recent
review, see Ref. [151]). Commonly, there are two main scale setting methods: the mass-
independent (phenomenological) scales and the mass-dependent (theoretical) scales. For the
former, one assumes that the lattice spacing is independent of the bare quark masses at a
fixed bare coupling. Then, the lattice spacing a, which is the same for all lattice ensembles,
can be determined by using the physical quantities, such as the €2 mass or the pseudoscalar
meson decay constants fr, fx at the physical point. For the mass-dependent scales, the lattice
spacing varies with different bare quark masses. The lattice spacing a can be determined by
using a physical quantity, which is assumed to be independent with the quark masses, such as
the Sommer scales 19, 71 from the static quark potential V'(r) [152],

dv(r) v (r)
2 _ 2 _
r o = 1.65, r o = 1.0, (2.18)
r=ro r=ri
and the scales g, wo from the gradient current [153, 154],
dé&(t
E(t)]t=t, = 0.3, tJ = 0.3, (2.19)
dt t:wg

with &(t) = t2(E(t)), where (E(t)) being the expectation value of the continuum-like action
density G, (t)G*(t)/4.

2.3 Lattice data of baryon masses

In the past decades, with the increase of computing power and the continuous improvement of
numerical algorithms, lattice QCD has been shown to be extremely successful in studying the
nonperturbative regime of QCD. There are many applications to low-energy hadronic physics,
e.g. the hadronic spectrum (especially the ground state hadron masses) [128, 155], the structure
of hadrons [156], the mechanism of quark confinement and chiral symmetry breaking [157], the
equilibrium properties of QCD at finite temperature and finite chemical potential [158], etc.
Besides that, lattice simulations can vary the input parameters, especially the quark masses,
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Figure 2.2: Extrapolation results for the light hadron spectrum from the BMW Collaboration.
Horizontal lines and bands are experimental values and the LQCD results are denoted as solid
circles. The figure is taken from Ref. [22].

to predict the dependence of observables on the running coupling constant ay [159]. Here
we would like to present the recent studies of baryon masses from lattice simulations. The
latest developments of lattice QCD in the study of low-energy particle physics are reviewed in

Ref. [129].

Recently, the lowest-lying baryon masses, composed of up, down and strange quarks, has
been simulated by various LQCD collaborations [22-29, 160|. Here we want to mention that, as
the first systematic and accurate study of proton and nucleon masses and other light hadrons
(including the ground state of pseudoscalar octet meson, vector nonet meson, octet baryon
and decuplet baryon masses), the BMW Collaboration provided an accurate interpretation
of the origin of mass from first principles [22]. In the BMW calculations, the lightest pion
mass is M, = 190 MeV, very close to its physical value MEMS: — 139 MeV, which guarantees
a valid chiral extrapolation to the physical region. Three different values of lattice spacing
a = 0.125, 0.085, and 0.065 fm are employed to take into account lattice discretization effects
and to perform the continuum extrapolation of lattice data. Several lattice box size L are
considered, to include finite-volume corrections. The effects of the heavier ¢, b, and t quarks are
included in the coupling constant and light quark masses. With the above considerations, the
extrapolation results of light hadron spectrum are very close to the corresponding experimental
data (Fig. 2.2). Furthermore, in Fig. 2.3, they present the chiral extrapolation of the nucleon
lattice data with three different lattice spacings. We can see that the extrapolation result for the
nucleon mass is 953(29)(19) MeV, which is almost the same as the experimental value m%>> =
939(1) MeV [15]. More recently, the ETMC Collaboration have studied the lowest-lying baryon
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Figure 2.3: The extrapolation of the nucleon and omega masses as function of the pion mass
M? for all three values of the lattice spacing. The figure is taken from Ref. [22].

masses with ny = 2+ 1+ 1 twisted mass fermions [160|, where a strange and a charm quark
masses fixed to approximately their physical values. The pseudoscalar masses in the range of
210 MeV to 430 MeV with three different lattice spacings a = 0.0936(13), 0.0823(10), 0.0646(7)
fm.

During the same period, several lattice QCD collaborations have also performed ny = 241
simulations of light hadron spectrum [23-29]. In Table 2.1, we tabulate the quark/gluon gauge
actions and lattice spacings which are utilized in the BMW [22], PACS-CS [23], LHPC [25],
HSC [26], QCDSF-UKQCD [28], NPLQCD [29], and ETMC [160] simulations. From Table 2.1,
we can see that most lattice simulations employ a lattice spacing a ~ 0.1 fm and the O(a)-
improved action. On the other hand, although all these five collaborations adopt different
fermion and gauge actions, all of them are believed to lead to the same continuum theory —
QCD. Therefore, it is crucial to clarify whether all these simulation results of octet baryon
masses are consistent with each other [161]. It should be mentioned that, in this work, we
would like to limit our studies in the SU(3) sector to analyze the lattice baryon masses from
ny = 2+ 1 simulations. Therefore, the ETMC results and the unpublicable BMW results are
not studied.

As has been stated in introduction, lattice calculations are performed with larger than
physical light quark masses and finite volumes. In Fig. 2.4, we show the lattice simulation
points of the PACS-CS, LHPC, HSC, QCDSF-UKQCD and NPLQCD collaborations in the
(2M% — M2) —M? plane and in the L-M2 plane. There is only one point for the NPLQCD
simulation at M; = 389 MeV on the left panel, because the main purpose of the NPLQCD
collaboration was to study finite-volume effects on the baryon masses. The large range of light
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Table 2.1: The quark/gluon gauge action, and lattice spacings which are employed in the
BMW, PACS-CS, LHPC, HSC, QCDSF-UKQCD, NPLQCD, and ETMC simulations.

lattice coll. quark action gluon action lattice spacing a [fm]

~ (0.125, ~ 0.085
BMW clover-improved Wilson  Symanzik-improved ~ 0.065

PACS-CS O(a)-improved Wilson  Iwasaki 0.0907(13)

asqtad sea/

LHPC Symanzik-improved  0.12406(248)

domain wall valence
a; = 0.03506(23)
as = 0.1227(8)
QCDSF-UKQCD  O(a)-improved Wilson  Symanzik-improved — 0.0795(3)

a; = 0.03506(23)

HSC anisotropic clover Symanzik-improved

NPLQCD anisotropic clover Symanzik-improved 0y = 0.1227(8)
0.0936(13), 0.0823(10)
ETMC twisted mass Wilson Iwasaki improved 0.0646(7)

pion masses provides the opportunity to explore the applicability of ChPT for extrapolation
of baryon masses. Although the light u/d quark masses adopted are always larger than their
physical counterpart, the strange quark masses vary from collaboration to collaboration: those
of the PACS-CS and LHPC collaborations are larger than the physical one; those of the HSC
and NPLQCD groups are a bit smaller, whereas those of the QCDSF-UKQCD collaboration
are all lighter than the physical one. In the L-M?2 plane, it is seen that the PACS-CS and
LHPC simulations adopt a single value of lattice volume; the HSC and QCDSF-UKQCD
simulations use two different lattice volumes and the NPLQCD simulations are performed
with four different lattice volumes in order to study the finite-volume effects on the octet
baryon masses. Many of the simulations are still performed with ML from 3 to 5 and with
M, larger than 300 MeV. As a result, finite-volume corrections (FVCs) may not be negligible
(see, e.g., Ref. [57]).

In Appendix A, we tabulate the octet baryon masses of the PACS-CS, the LHPC, the HSC,
the QCDSF-UKQCD and the NPLQCD collaborations. The numbers are given in physical
units using either the lattice scale specified in the original publications [23, 25, 26, 29| or the
method of ratios such as QCDSF-UKQCD |[28].

Nowadays, the lowest-lying hadron spectrum is now well understood with controllable lat-
tice artifacts [128]. But, for the light quark hadrons, there are many excited states whose
physical properties are poorly understood. In particular, the first even-parity excited state of
the nucleon, J¥ = (1/2) Roper resonance N (1440) or Pj;(1440), has been very interesting
since its discovery [162]. In the quark model, the Roper, as an S-wave excitation, is lighter than
the first odd-parity excited state N(1530) or S11(1530), a P-wave excitation. This abnormal
phenomenology stimulates a large number of studies to explain its structure with a possible
exotic nature. Recently, several LQCD collaborations [150, 163-167] have performed studies
of the low-lying excitation spectrum of nucleon (octet baryons) with a special attention to the
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Figure 2.4: Landscape of LQCD simulations of the ground-state octet baryon masses data form
the PACS-CS, LHPC, QCDSF-UKQCD, HSC, and NPLQCD collaborations in the 2M 2 — M2
vs. M? plane (left panel) and in the L vs. M2 plane (right panel). The star denotes the
physical point with the physical light- and strange-quark masses. The figure is taken from
Ref. |64].
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Figure 2.5: Roper mass from the CSSM, JLab, BGR, Cyprus, and xQCD collaborations.

mass of Roper resonance. In Fig. 2.5, lattice Roper masses from the CSSM [163], JLab [164],
BGR [165], Cyprus [150, 166], and xQCD [167] collaborations are illustrated. We can see that



18 Chapter 2. Lattice Quantum Chromodynamics

lattice Roper masses exhibit much larger chiral-log effects than that of the nucleon, except
the xQCD simulation adopting the Sequential Empirical Bayesian method with the overlap
fermion [167]. The Roper mass from yQCD shows almost the same pion mass dependence as
the nucleon. Furthermore, most lattice data of Roper mass correspond to an unstable Roper
particle for M; < 500 MeV. Therefore, LQCD calculation of Roper mass should need more
efforts to clarify this large discrepancy.



CHAPTER 3

Chiral Perturbation Theory

In this chapter, we discuss the theoretical framework of the present dissertation. Chiral per-
turbation theory (ChPT), as an effective field theory of low-energy QCD, was firstly proposed
by Weinberg [32] in 1979. Since its proposal, it has been widely applied in the study of
low-energy hadronic physics. Firstly, we give a general introduction about the basic ideas of
effective field theory. Following that, we turn to the low-energy region of QCD and discuss
chiral symmetry and its breaking pattern. We introduce the construction principles of chi-
ral effective Lagrangians in the mesonic sector and extend chiral perturbation theory to the
one-baryon sector with three different renormalization schemes. In this chapter, we cannot
cover all the details of ChPT and we suggest the interested readers to refer to several excellent
reviews [36-46].

3.1 Effective field theory

Effective Field Theory (EFT) is a powerful theoretical tool to describe low-energy physics.
Nowadays, the EFT technique has become popular in particle and nuclear physics. The basic
idea of EFT is that the low energy dynamics does not depend on the details of the high energy
dynamics, which can be integrated out. In order to construct an EFT to describe low-energy
physics, one has to ensure a characteristic heavy scale A (called “hard energy scale”) to separate
low and high energy regions, and make an expansion in powers of /A with @ < A, where
@ is the soft momentum scale of the energy region of interest. When the relevant degrees of
freedom (light fields) are determined, the general possible effective Lagrangian can be written
down according to a theorem, proposed in Weinberg’s original work [32]:

“If one writes down the most general possible Lagrangian, including all terms consistent
with assumed symmetry principles, and then calculates matrix elements with this La-
grangian to any given order of perturbation theory, the result will simply be the most
general possible S-matrix consistent with analyticity, perturbative unitary, cluster decom-
position, and the assumed symmetry principles.”

The general form of effective Lagrangians can be expressed as

Lo, = Z ¢ O;, (3.1)

(2
where the operators O; are constructed with the light fields, and the couplings ¢; are called low-
energy constants (LECs) and contain the information about heavy degrees of freedom which
are integrated out in the EFT. In principle, the values of ¢; can be computed from a more
fundamental high energy theory. If the fundamental theory is weakly coupled (e.g. QED), one
can explicitly obtain the values of ¢;, but if the theory is strongly coupled (e.g. QCD), one
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usually treats the ¢; as free parameters, which can be fixed by the relevant experimental and
the lattice data. Usually, we can organize the operators by using naive dimensional analysis
(NDA) [168]. First, the canonical dimensions of the light fields can be determined by using
the kinetic terms in the free Lagrangian. Thus, one can easily obtain the dimension of the
operators O;, denoted as d;. In the four dimensional space-time, the estimated magnitudes of
all the corresponding LECs should be ¢; ~ (47)N=2/A%~4,

According to the dimensions of operators, we can distinguish three types of operators with
different behaviours:

e Relevant operators with d < 4: These operators become more relevant at low energy with
large values of the coefficients ¢; ~ A*~%. The number of possible relevant operators is
small, such as unit operator (d = 0), boson mass terms (d = 2) and fermion mass terms

(d = 3).

e Marginal operators with d = 4: These operators, lying between relevancy and irrelevancy,
are equally important at all energy scales. There are some well-known examples: ¢* term
in scalar field theory, a Yukawa interaction 1)1¢, and QED/QCD interactions.

e Irrelevant operators with d > 4: Their contributions are small at low energies with the
values of couplings ~ 1/A%* which can suppress the contributions from these operators.
But they cannot be ignored because they usually contain information about the high
energy physics.

The operators mentioned above can be systematically organized based on their contributions
in an EFT. This principle of organization is the so called “power counting”. As mentioned in
Ref. [40], for the weakly-coupled cases, the power counting is just a dimensional expansion, as
we discussed above. This kind of EFT is the decoupling effective field theory. We can write
the corresponding effective Lagrangian in a general form

Lo, =Lca+ L5+ Lo+, (3.2)

where L<4 contains all terms with dimension d < 4, L5 contains the terms with dimension
5, and so on. Generally speaking, the first term L<4, which only contains the relevant and
marginal operators, can be renormalizable. If the irrelevant operators are included (such as
Ls, Lg, -+-), the EFT becomes renormalizable order by order. The corrections from the
d > 4 parts are suppressed by (E/A)4*. There are several decoupling EFTs: QED, the Fermi
theory of weak interaction, and the Standard Model. But for the un-decoupling EFT [40],
the situation will be very different when one has to tackle the strongly-coupled theories with
spontaneous symmetry breaking down. The fundamental degrees of freedom are replaced by
the light pseudo-Goldstone bosons at low energies. There are two examples of non-decoupling
EFTs, the Standard Model without Higgs bosons and chiral perturbation theory. In the next
section, we will give the details of chiral perturbation theory.

Generally, there are infinite terms in the effective Lagrangian. However, at a specific
expansion order, EFT is described by a number of finite terms in the Lagrangian with several
coupling constants. Once the effective Lagrangian is written out at a given order, the EFT can
provide a powerful prediction ability for many different processes. Besides, there must exist a
range of applicability for an EFT, which usually depends on the characteristic energy scale A.
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At some high energy region, one has to find another high energy theory, which could lead to
the corresponding EFT. In this section, we only give a brief overview of EFT, the interested

readers can find more details in the reviews [169-176].

3.2 Chiral perturbation theory

In this section, we begin to introduce a powerful EFT for the study of nonperturbative strong
interactions. As mentioned above, this EFT should have the same symmetries as QCD and in
particular chiral symmetry. That is why this EFT is named as Chiral Perturbation Theory.
We discuss how to construct chiral perturbation theory from low-energy QCD, mainly focusing
on the meson sector. Chiral perturbation theory in its modern form was introduced by Wein-
berg [32], and Gasser and Leutwyler [33]. The basic idea of ChPT is an two-fold expansion in
small momentum and small quark masses.

3.2.1 Chiral symmetry and its breaking

In the Standard Model, there are six different quark flavors with three “light” quarks (u, d,
s) and three “heavy” quarks (c, b, t), compared with the splitting energy scale Ay ~ 1 GeV 1
(In the following, this energy scale is denoted as the chiral symmetry breaking scale). Because
we mainly talk about the low-energy region in the following, we will focus on the three-flavor
QCD. The corresponding Lagrangian can be expressed as

_ . _ 1
Lacp = Y (qrilqr — mydrqr) — 1GaGe” (3.3)
f=u,d,s
In order to better present the approximate chiral symmetry, we would like to rewrite the QCD
Lagrangian as
Lacp = Locp + L, (3.4)

with

- 1 )
Chop = D @ilas — 3CwaGh”, L =qMa, (3.5)
f=u,d,s

where the three light quark masses are collected in a diagonal matrix M = diag(m,,, mg, ms).

Firstly, we introduce two projection operators P, g with the chirality operator s,

1 1
P, = 5(1 —75), Pr= 5(1 +75)- (3.6)

Thus, the quark spinor field gy can be decomposed into left- and right-handed components,
qf,. and gy g, respectively,

1 1
ar = 5 (1= w)as + 5(1+75)ay = Prag + Pray = ar.0 + as.r- (3.7)

In terms of this decomposition, one can re-express the Lagrangian ,C?QCD as

— . — . 1 14
Ldcp = Y rrilasr + arrilPasr - 1 GG’ (3.8)
f=u,d,s

1AX is associated with the mass of rho meson, m, = 770 MeV, and the chiral symmetry breaking scale
A fr ~ 1170 MeV.
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with the total separation between left- and right-handed quark fields. The above Lagrangian
has a classical global U(3)z x U(3) g symmetry. According to group theory, the U(3)r x U(3)r
can be expressed as

U(3)L X U(3)R = SU(3)L X SU(?))R X U(l)v X U(l)A, (39)

where the vectorial symmetry U(1)y is the conservation of baryon number, but the axial
symmetry U(1)4 is broken by instanton effects (U(1)4 anomaly) [177]. Because the baryon
number is invariant in the strong interaction, the Lagrangian E%CD is actually invariant under
the remaining SU(3)y, x SU(3) g transformation,

qr,rL — ei%a%Qf,L, qf,R — ei%aaRQf,Rv (3.10)

with the Gell-Mann SU(3) matrices \* (a =1,...,8).

By using Nother’s theorem [178-180], one can establish the connections between continuous
symmetries and conserved quantities. For the chiral symmetry group SU(3)r, x SU(3)g, there
are 2(nfc —1) =16 (with ny = 3) Nother currents divided into left- and right-handed conserved

currents,
a

A\ _
Jht = QL’Y#?QLa Jpt = QR'Y#?QRa (3.11)
with 8MJ’LL’/% = 0. Usually, one can use linear combinations of the above chiral currents to

obtain the vector and axial-vector currents

A®
‘/,LL,CL — TH,Q ]ij’va — 7fy/’ll 5 q,
A
AR = TR TR = o (3.12)

The corresponding conserved Néther charges are

A 4Q°
a 3,1 o . vV _
& = [dadl@ e, win T o,
¢ dQ)®,
@ = [, win S —o. (3.13)

Before we go on to discuss chiral symmetry breaking, we want to mention that there are
two realizations of chiral symmetry 2. One is the Wigner-Weyl mode, which is the linear
representation, with the trivial (empty) vacuum (Q5,|0) = Q%|0) = 0). Another is the Nambu-
Goldstone mode, which is the non-linear realization, with a non-trivial vacuum (Qf,|0) = 0,
Q410) #0).

Up to now, the discussion about chiral symmetry is based on the chiral limit with three
zero light-quark masses. But, in fact, chiral symmetry is not quite exact in QCD. Recalling
the full QCD Lagrangian at low-energies [Eq. (3.4)], the mass part is

Ly = —qgMq = —(GrMaqr + G Mqr). (3.14)

We can see that left- and right-handed quark fields are mixed by the quark-mass matrix.
Therefore, chiral symmetry is explicitly broken by the non-zero quark masses.

2@enerally, a classical symmetry is realized in quantum field theory in two different ways depending on how
the vacuum responds to a symmetry transformation.



3.2. Chiral perturbation theory 23

Due to the small masses of u, d, and s quarks, QCD possesses an approximate chiral
symmetry and this symmetry should be approximately presented in the hadronic spectrum.
That means there should exist (almost) degenerate parity doublets ® under Wigner’s realization
mode of chiral symmetry. In experiment, one can find two observed bands with different parity,
but they are not degenerate. Furthermore, the masses of lowest-lying pseudoscalar mesons
(m, K, n) are very small in comparison with other hadronic states. Therefore, in order to
explain these two observations, we can deduce that chiral symmetry is conserved in the QCD
Lagrangian but it is spontaneously broken by the vacuum state. In the Nambu-Goldstone
realization mode, the global chiral symmetry SU(3)r, x SU(3)r is spontaneously broken to the
vectorial subgroup SU(3)y = SU(3)r+r,

SSB

SU(?))L X SU(3>R — SU(3)V, (3.15)

where SU(3)y is the symmetry group of vacuum. According to Goldstone’s theorem [181], in
this process, an octet of pseudoscalar massless Goldstone bosons should be produced due to
the eight broken generators of chiral symmetry group. If we denote G = SU(3)r x SU(3)gr
and H = SU(3)y, the Goldstone boson manifold is the coset space G/H which is isomorphic
to SU(3). Furthermore, when considering that the light quark masses are not zero but small,
we can easily find the candidates for the eight Goldstone bosons in the hadronic spectrum.
There are three pions, 7%*, four kaons, K+ KO and the eta, n. Therefore, we can explain
the above two experimental phenomena by using Goldstone’s theorem.

3.2.2 Lowest order chiral effective Lagrangian

In the preceding section, we identified the relevant degrees of freedom, the pseudoscalar mesons
w, K, n, at low-energy region. Therefore, the chiral perturbation theory can be constructed
by applying Weinberg’s theorem. The corresponding effective Lagrangian should demand all
the symmetries of QCD, such as Lorentz invariant, SU(3)c gauge invariance, charge con-
jugation (C), parity (P), and time reversal (T) symmetries, and chiral symmetry. Because
chiral symmetry is spontaneously broken, one cannot directly write down the effective La-
grangian from the nonperturbative QCD Lagrangian due to the replacement of quarks and
gluons with Goldstone bosons. In the 1970s, the standard method to construct effective field
theory for a spontaneously broken symmetry was formulated by Callan, Coleman, Wess, and
Zumino [182, 183].

Usually, the Goldstone boson fields (7, K, n) are collected in a unitary matrix field U(¢)

U(¢) = exp (z 0 ) : (3.16)

Fy
1 1
= Pada =12 T —5m+ o KO, (3.17)
a=1 - 0 _ 2
K K 75
with the meson decay constant Fy and the law of transformation for U(¢)
U(9) = grU(9)g}.  U'(6) = grU' (0)gh. (3.18)

3For a given spin and parity hadronic state, there would be another state with the same spin but the
opposite parity.
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where g7, and gr are SU(3)r, and SU(3)g transformations, respectively. On the other hand, a
more basic matrix field u(¢) is the square root of U(¢) with the chiral transformation

u(¢) — gru(¢)h(g, )", (3.19)

with the unbroken transformation h(g, ¢) € SU(3)y.

In the following, we could construct the general effective Lagrangians in terms of U(¢) or
u(¢). As a first step, we want to discuss how to obtain the lowest order chiral Lagrangian
corresponding to the QCD Lagrangian E%CD in the chiral limit.

Since the Goldstone bosons are pseudoscalar, in order to guarantee parity invariance, the
effective Lagrangian should contain an even number of meson fields. More precisely, one U
should accompany UT due to the parity transformation ¢ parity, —o/U parity, Ut. The most
general invariant term can be the product of terms with the form,

(Uut.uut- ., (3.20)

where (...) denotes the trace of flavor space. At lowest order, due to UUT = I, in order
to obtain a non-trivial interaction, the derivative of U is required. With the limitation of
Lorentz invariance, one has to introduce even numbers of derivative on the meson fields. The
only possible term of lowest order is (0,U0*UT). We will investigate whether this term is
invariant or not under the chiral transition. The elements of (3,U0"UT) have the following
transformation properties,

0.U = gr0Ug} . 8.UT — g10,U g}, (3.21)
It is easy to see that
(0,U8MUTY = (grd,Ugl 910" Ut gl = (ghgrorUorUty = (9,U0"UT). (3.22)

Finally, we obtain the lowest order chiral effective Lagrangian
o _ s
Ly = T(@U@“UT), (3.23)

where the superscript 2 denotes two derivatives. The coefficient Fj /4 is to ensure the kinetic
terms having the traditional form with %8M¢a8“¢a. This can be clearly shown when one
performs the expansion of U

T o (A B
U_1+F¢+ , Ur=1 RN (3.24)
1 1
a,JU:E) F R 6MUT:—F¢ FCEERR (3.25)
as the effective Lagrangian becomes
£2 = Lio000) + L 1(60,0)(90 o2 3.26
$) = 3100060 + 13 (60:0)60,00) + 0 | 75 ). (3.26)

Here we want to mention that the Lagrangian E((;) trivially satisfies U(1)y invariance with

baryon number zero.
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As mentioned in the preceding section, chiral symmetry is explicitly broken by the non-
zero quark masses. When constructing the effective Lagrangian, one has to incorporate the
consequences of mixing left- and right-handed fields. According to the discussion in Ref. [184],
if the quark mass matrix transformed as

M = grMg!, (3.27)

the mass term £;; would be invariant under the chiral transformation. We can construct the
lowest order term in the effective Lagrangian with M using the same arguments as before.
There is one term (MUT + U M) which is Lorentz invariant, and parity and chiral symmetric.
Therefore, the lowest order Lagrangian can be written as

2

F
Lsp = ¢2

2
0

(MUY +UM), (3.28)

where the subscript (SB) denotes the chiral symmetry explicitly breaking in QCD. The constant
By = —(0|qq|0)/F. g relates to the quark condensate and cannot fixed by symmetry requirements
alone.

After expanding U and U in powers of ¢, we obtain

By
2
6L Py

(Mg¢*y +0 (gfﬁ) : (3.29)

Lsp = —By(Mep?) + 7
¢

The first term provides the relationships between the masses of Goldstone bosons and the
quark masses with exact isospin symmetry 4 (m, = mq = my),

M? = 2Bomy,
MIQ( = Bo(m;+my),
2
My = g130(rm+2m8), (3.30)

and gives the Gell-Mann-Okubo relation [185-187]
AMj = M2 + 3M?, (3.31)

which is not dependent on By. Furthermore, the second term of Eq. (3.29) gives higher order
corrections to the masses of pseudoscalar mesons. In Appendix D, we also calculate the strong
isospin-splitting effects on the meson masses.

Combining Eq. (3.23) and Eq. (3.28), the lowest order chiral Lagrangian is

F2
£y =2 [(0,U0"U") + 2B3MUT +UM)] . (3.32)

3.2.3 General chiral effective Lagrangians

The general form of the chiral Lagrangian for the mesonic sector is

reff _ Zﬁ((;n)[U, Ut,0,U,0,U M), n=1,2 -, (3.33)

“The up and down quarks have very small masses (m, ~ mq ~ few MéV) compared to Aqcp.
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with the even order only. The superscripts 2n refer to the power of the momentum and quark
mass expansion. As discussed in the above subsection, the index 2 denotes two derivatives

(@) O

terms or a single quark mass term. The higher order Lagrangians, e.g. L o Lo s contains

more complicated terms. The expression of E((;) is given in Eq. (4.2) of Chapter 4. The chiral
Lagrangians are organized in a momentum expansion based on the chiral counting rules

U U ~ 0@, 8.U,0,U ~O0@m), M~O®m), (3.34)

with the small momentum p. This can be easy to understand with the derivative generating
four momentum, 9, ~ p,, and the on-shell condition M o M? = p?.
The above discussion is at the ordinary QCD level. When one wants to study the interac-

tions with external fields at the low energies, a more general QCD Lagrangian is
E 1 _ _ .
LEIB™ =LA+ D G (vu+ vsa)ar — > dr(s — ivstp)ar, (3.35)
f=u,d,s f=u,d,s
where the external vector v, axial-vector a,,, scalar s, and pseudoscalar 1, fields are Hermitian
3 x 3 matrices in flavor space. In this situation, the effective field theory becomes more powerful
and can be used to study the electromagnetic interactions and semileptonic weak interactions.
Applying Weinberg’s theorem, the extended QCD Lagrangian, Eg’ggnal, can be mapped
into the most general effective Lagrangian

‘ngCt]%rnal [Qf7 qf, G,LUM Vpy Qpy S, wp] — EZH[Ua 8,uU7 Vpy Qpy S, wp]a (336>
which has been given in Ref. [34]. The chiral counting rules for the new induced terms are
Vg, Ay ™~ O(pl), S, ~ O(pQ). (3.37)

Additionally, let us re-examine the lowest order of chiral Lagrangian which naturally in-
cludes the external field interactions,

£y = %(DMUTD“U + Uty +x'D), (3.38)
where v, a, can only appear through the covariant derivatives
D, U =0,U —ir,U +iUl,, (3.39)
with I, = v, —a,, v, = v, + a,. The scalar field s and the pseudoscalar field 1, are encoded
in
X = 2By (s +itp). (3.40)
If taking the external field /,, and 7, as
L, =r,=—eQA,, (3.41)
with the external electromagnetic field A, and @ = diag(2/3,-1/3,—-1/3), or,
= —%(WJT+ +He), =0, (3.42)

with the gauge coupling g, the massive charged weak bosons VVHjE = (Wi, FiWay,)/ V2, and

0 Vud Vus
T.=lo0o o o |, (3.43)
0 0 0

one can study the electromagnetic interaction of Goldstone bosons or the semileptonic decay.
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3.2.4 Weinberg’s power counting

In principle, the chiral effective Lagrangian contains an infinite number of terms with an
infinite number of parameters. One has to find a systematic method to collect the important
contributions at a specific chiral order. This concept is called “power counting”. Under the
rule of power counting, we also can test the convergence of the chiral expansion by increasing
chiral order.

It was shown that, in the meson sector, there is one-to-one correspondence between chiral
orders and loop diagrams [33]. The general form of an amplitude A for a given Feynman
diagram is

A / (d*p)t (pz)lva deNd = pllCRPT (3.44)
d

where L is the number of meson loops, Ny is the number of internal lines (meson propagators),

Ny is the number of vertices with dimension d obtained from chiral Lagrangian £ d)d . In a mass-

independent subtraction scheme, the only dimensional parameters are the momentum p and

the pion mass. The chiral dimension ncyppr can be written as

newpr = 4L — 2Ny + > dNy. (3.45)
d

The chiral Lagrangian starts at leading order d > 2, therefore, the chiral dimension should be

NChPT = 2.

3.3 Chiral perturbation theory in baryon sector

3.3.1 Meson-baryon effective Lagrangians

As an effective field theory of low-energy QCD, chiral perturbation theory can also be applied
to study baryon systems. The difference between the meson sector and the baryon sector is
that the baryon mass is not zero at the chiral limit. We take the lowest-lying octet baryon as
an example to construct the general effective Lagrangian.

The octet baryon fields can be collected in a traceless 3 x 3 matrix B,

150 1 +
Ba)\a \/52 i \/EA 1 z(): 1 P
a=1 = =0 —2ZA

Under the chiral symmetry SU(3);, x SU(3)g, the baryon field B transforms as any matter
field,
B — B' = KBKT, (3.47)

with K (U, g1, gr) the compensator field [40] representing an element of the conserved subgroup
SU(3)y. For convenience, we introduce two definitions, the so-called chiral connection I',,

1
T.=5 [UT(aM —ir)u+ u(d, — ilu)uq : (3.48)

and the axial current u,,,

Uy =1 [uf(a# —iry)u — u(0, — z‘lu)uT] : (3.49)
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They transform as
I, — K[,K'— (0,K)K', wu, — Ku,K'. (3.50)

The covariant derivative of the baryon field is defined as
D,B=0,B+'y, Bl (3.51)

with the transformation law
D,B — K(D,B)K?. (3.52)

As given in Ref. [188], the chiral counting scheme of the building blocks is

B,B=0(", D,B=0@"), (ilp—me)B=0(@p"),
LY, V5, o = O(0"), 75 = O(p). (3.53)

This counting rule can be understood from bilinears BI' B with the plane waves solutions of the
free Dirac equation. The details can be seen in the page 154 of Ref. [46]. With the contraction
between Dirac matrices and derivatives of baryon field, the most general Lagrangians can be
expressed as
1 2 3 4
et = £y + L8+ £+ £+ (3.54)

with the gradual increase of chiral order. The lowest order of meson-baryon effective Lagrangian
Eé}; can be expressed as

L) = (B(il) — mo)B) + %Bv“%{uu, B}) + g(éy“%[u#, B]), (3.55)

where mg denotes the baryon mass in the chiral limit, and the constants D and F' are the axial-
vector coupling constants, which can be determined from the baryon semi-leptonic decays.

After including baryons in the ChPT, the chiral order of a specific diagram with L loops
is calculated as

newpr = 4L — 2Ny — Np + » _ dVy, (3.56)
d

where Np is the number of internal baryon propagators. However, because the baryon mass
does not vanish in the chiral limit and its value is close to the chiral symmetry breaking scale
A, Weinberg’s power counting is naively violated in the baryon chiral perturbation theory 5,
This problem was first pointed out by Gasser, Sainio, and Svarc [35] in the 1990s. In order to
illustrate the power-counting breaking (PCB) terms that appear in the loop calculations, we
take a scalar loop integral with one pion and one nucleon propagators for example,

H(p?,d) = —i / dq ! ! . (3.57)
’ (2m)4 q2 —m2 +ie (p— q)? — md +ic

By using the dimensional regularization scheme and limiting d — 4, one obtains

1 m2  m?2 m 2m m2 m
H=———_|-2+4log—9 + “Tlog—= /11— —= ~ . 3.58
6.2 ( + log 2 + m% og o + o 4mg arccos g ( )

°Tt is easy to see from the derivative of baryon field, i0*B = p% B = [(ms, 6) + (Ep — mp,pB)|B, where
the first term is the baryon mass in the chiral limit and cannot be thought as “small quantity”.
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According to the chiral order of Eq. (3.56), this Feynman diagram with one scalar loop is
O(p'), therefore, the first two terms

1 mg
~ 162 (—2 + log M2> , (3.59)

are the power-counting breaking terms and should be removed from the loop contributions
(equivalent to be absorbed by counter terms).

In order to systematically restore the PC, the so-called Heavy-Baryon (HB) ChPT was first
proposed by Jenkins and Manohar [69], considering baryons as heavy static sources. Later,
covariant BChPT implementing a consistent PC with different renormalization methods have
been developed, such as the infrared (IR) [70] and the extended-on-mass-shell (EOMS) |71, 72|
renormalization schemes. In the following subsections, we will briefly summarize the essential
features of HB ChPT, IR BChPT and EOMS BChPT.

In addition to the afore-mentioned dimensional renormalization schemes (MS and its deriva-
tives), other renormalization /regularization schemes have been proposed, such as the cutoff
scheme |73], the finite range regulator (FRR) method |74, 75|, and the partial summation
approach [59] etc., to speed up the convergence of BChPT.

3.3.2 Heavy baryon approach

Drawing on the experience of heavy quark physics and of QED applied to atomic and molecular
physics, the basic idea of heavy baryon scheme [69] is to take the baryon as heavy (nearly on-
shell) and divide the baryon momentum into a large piece and a small residual piece,

Pu = movy + ky, (3.60)

where v, is the baryon velocity with v?> =1 and vg > 1, and k,, denotes the soft residual
momentum with k, -v < mg, A, (at rest frame with v, = (1,0,0,0)). Therefore, in the heavy
baryon scheme, one can perform a two-fold expansion in terms of

k k

il (3.61)

According to the decomposition of baryon momentum, the baryon field can also be sepa-
rated into light and heavy components

B(z) = €™ [B,(z) + Hy(2)] (3.62)
with light B, and heavy H, fields
By(x) = ™V P,, B(z), Hy(x)=e"""P, B(x). (3.63)

Here, the projection operators P,+ are defined as

1+ ¢

Pv:l: 9

(3.64)
with the properties of

v

P,y +P,_ =1, P =P,, PoP-=0. (3.65)
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It should be mentioned that the light field B,(z) is usually called heavy baryon field and
0By () produces a small residual momentum k,. From the leading order covariant effective
Lagrangian [Eq. (3.55)], one can perform the path integral and integrate out the heavy compo-
nent H,(z) to obtain the corresponding heavy baryon effective Lagrangians in terms of heavy
baryon fields B, (x) with definite velocity v,

‘ég(ﬁlé = <ng -DBy) — D<BUS”<{UM, By)} — F<BUSM[Uuan]>, (3.66)

where " indicates the heavy-baryon formalism. The derivative on the heavy baryon field is
defined as the same in Eq. (3.51) with the replacement of B — B,. The covariant spin-operator
Sy = %75@“,@” is the spin matrix with

d

S-v=0, 52:1;

1 , .
T {Su, S} = i(vuvy — Guv)s  [Sus Sv] = i€pvapv S8, (3.67)

in d space-time dimensions. It should be noted that the leading order Lagrangian
ﬁ¢B |[Eq. (3.66)] does not have the baryon mass mg terms. The baryon mass is shuffled from
the propagators to the vertices. Therefore, heavy baryon ChPT has the same power counting
as Weinberg’s power counting for mesons with the chiral counting order of building blocks

Bvagv ~ O(po)a Vs S;u ~ O(po) Dquuu ~ O(pl)‘ (3'68)

The propagator of heavy baryon, derived from ﬁé}g, can be written as
P,y

Gulk) = e

(3.69)

In order to better understand the HB method, let us reconsider the integral of a scalar loop
diagram with one meson and one baryon propagator, which can be expressed as

" , / d%q 1 1
= —
HB 2m)d (2 —m2 +ie)v- (k— q) + ie
1 m™m,
= T 16m22mg’ (3.70)

in the limit d — 4. We can see that the HB result is clearly of order O(p') as required from
the counting rules.

HBChPT has been successfully applied to study low-energy physical phenomena, partic-
ularly in two-flavor sector [38]. However, in order to ensure HBChPT is reparameterization
invariant or Lorentz invariant at a specific order, one has to take into account the 1/mg cor-
rection Lagrangians [189]. Therefore, the heavy baryon effective Lagrangians have more terms
than the covariant counterparts at the same chiral order [190]. One also found that the con-
vergence of HBChPT is not fast enough in the calculation of some physical quantities, such as
electroweak form factors [191] and electromagnetic form factors [192] of nucleon.

3.3.3 Infrared regularization

In order to avoid the shortcomings of HBChPT, one has to find a regularization method to
combine the proper power counting of the HB approach and proper analyticity. As a first
attempt, Tang and Ellis [193, 194] pointed out that the loop integral can be divided into soft-
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and hard-momentum parts. The hard-momentum terms are always polynomials and can be
totally absorbed into the LECs. However, this division relies on specific loop integrals which
cannot be always valid. Becher and Leutwyler [70] proposed a systematic method to extract
the soft- and hard-momentum parts, which is known as Infrared Regularization (IR) of baryon
chiral perturbation theory.

To illustrate the main idea of IR BChPT, we would like to also take one scalar loop
integral [Eq. (3.57)| for example. It is clear that the infrared singularity appears in the region
of integration of m, — 0. Because the nucleon momentum is close to the mass shell (m3—p?) ~
O(p), the infrared singularity is of the order O(p?~3). On the other hand, the so called hard-
momentum parts with large momenta are just the ordinary Taylor expansion of momentum
and can be totally absorbed into the LECs.

Following the discussion of Ref. [70], in order to isolate the infrared parts, one can introduce

two dimensionless variables,

2 2 2
a="Tr1 g P "M Mr (3.71)
mo 2mamy

which count as O(p) and O(p®), respectively. After using the standard Feynman parametriza-
tion and performing the momentum shift & — k + pz, the scalar loop becomes

e d? dz
R R e Ve (3.72)

with
M(2) = mo[2? — 2a02(1 — 2) + (1 — 2)?]. (3.73)

Performing the integration over k, we can get

4—d

Hp2, d) = #(d) /01 d2[M(2) — i) 42 = (d) /01 dz (W) - (3.74)

with s(d) = ['(2 — d/2)/(4n)%?. Therefore, the infrared singularity originates where M(2)
goes to zero as m,; — 0 at the small values of z. In order to isolate the divergent part, we
perform a change of variable z = ax, then

1

H(p?, d) = k(d) /0& draM(azx) — ia]%d. (3.75)

With m, — 0, the upper limit of integral x = 1/a — oo, therefore, the integral I, which
contains the same infrared singularity, can be expressed as

I = w(d)ad=3 / (D(z) — ig]3~2da, (3.76)
0
where
D(x) =1—20z + 22 + 20z(Qx — 1) + o222 (3.77)

In order to satisfy the relation of H = I — R, the regular part of H is defined as

R = x(d) /100 d=[M(z) — ie] 2. (3.78)
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For arbitrary values of d, the explicit expressions for H, I, and R involve hypergeometric
functions. The chiral expansion of I has the form

I=0p") +0 ) +0p" )+, (3.79)
while for any value of d the corresponding expansion of R is
R=00")+0pH +00p*) +---. (3.80)

This expansion form can be easily understood at the threshold region, p? = (m, + mg)?. The
infrared part reads

L. = r(d)a?™3 /000 dz {[(1+ a)z — 1]2 ZE} -

: (3.81)

while the regular part is
re-4 d=3
Ry, = (d 2) _mo (3.82)
(4m)2(d — 3) Mo + Mx
Furthermore, according to the definitions of I [Eq. (3.76)]and R [Eq. (3.78)], we can explicitly
compute the loop diagrams taking the limit of d — 4,

1 My My
I=———=4|— — log .
162 { [ g + o o o +4 /1 — —75 arccos mo)] } , (3.83)
1 m2  m2 2
R = —2+1log—2 + T — 1 /1 s,
1672 { + log 22 m% g arccos ng) }
mz
— Tt
0

! > (3.84)

2
= — (—2 + log m—20
1
From the general expansion form of I and R, one can conclude that the infrared part I

1672 6m0

contains non-integer powers of momenta and quark masses, while the regular part R is the
ordinary Taylor expansion in momenta and quark masses. Therefore, the regular part R can
be totally absorbed by the LECs appearing in the chiral effective Lagrangian, and the power
counting scheme is valid with the replacement of the general integral H by the corresponding
infrared part I. Besides, the infrared part contains the full 1/mg correction terms, which rep-
resents the infinite sum of the kinetic energy corrections to the baryon propagator. Therefore,
one has to carefully choose a proper regularization scale u to absorb the divergences from 1/my
higher order corrections. This problem has been stressed in Ref. |70].

Comparison with Eq. (3.57) and Eq. (3.83), the function arccos(m,/2mg) appearing in
the MS calculation becomes arccos(—m./2mg) in IR scheme. This transformation has large
effects on the light-quark mass evolution of some physical observables, e.g. the nucleon/baryon
magnetic moments [195, 196]. Furthermore, the analyticity of the infrared method is also
broken at a scale of twice the baryon mass, although this large scale should not effect the low-
energy expansions. At present, there are several studies to reformulate the IRBChPT [197, 198|
to overcome these drawbacks.
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3.3.4 Extended-on-mass-shell scheme

The extended-on-mass-shell (EOMS) scheme, which also deals with the power-counting break-
ing problem, was originally proposed by Gegelia et al. [71] and has been applied to study the
nucleon mass in detail in Ref. [72]. As mentioned in the above subsection, the regular part
R is considered as the power-counting breaking terms and totally removed in infrared chiral
perturbation theory. However, one also found that R can contain power counting allowed
terms, which are not necessarily absorbed by the counter terms. Therefore, Gegelia et al. [71]
tried to separate the exact power-counting breaking terms from the loop integral and proposed
the extended-on-mass-shell (EOMS) scheme 6. More precisely, the basic idea of the EOMS
method is to absorb the PCB terms by performing finite subtractions from the results of loop
integration with the MS regularization scheme. Results must satisfy the power-counting rules.

The key technical point for the EOMS scheme is to extract the power-counting breaking
terms from the results of loop integration. In order to illustrate this point clearly, as presented
in Ref. [42], we would like to consider the scalar loop H in the chiral limit,

H(p?, d,my = 0) = —i/ g 1 ! (3.85)
T (2m)d g% +ie (p — q)> — mg + ie’ '
After introducing a small dimensionless quantity
2 _ .2
A= T (3.86)
my

which counts as O(q) due to the baryon mass closing to the mass shell, the integral H can be

written as 1
H(p?, d,my = 0) = k(d)md~* / dz[C(z, A)]2 2, (3.87)
0
with C(z, A) = 22 — Az(1 — z) — ie. Using the identity
1 ! 14+ A \272
JRCCEIN R NI <1 BEL ) o (3.89)
0 0

and the hypergeometric function F

F(a,b;c;2) = L(e) /1 dt t*711 — )77 1(1 — t2) 7% Re(c) > Re(b) >0,  (3.89)

L(0)T(c = b) Jo

one can obtain the loop function

r¢-1
HOP, dome =0) = @i -yt (oo 8 4, 108

r(s)

witha=2-d/2,b=d/2—1,c=d/2,and z = (1 + A)/A. Applying the properties of F,

d1+A
5 i ) (3.90)

F(a,b;c;z) = (1—2)"°F (a,c —b;c zz_1> , (3.91)

F(a,b;c;z) = F(bya;¢2), (3.92)

5Since the substraction point is p?> = m2, the renormalization condition is denoted “extended on-mass-shell”
scheme in analogy with the on-mass-shell renormalization scheme in renormalizable theories.
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the loop function becomes as

I é71 d d 2
H(p*,d,mz = 0) = ﬂ(d)mg“‘?)F(l,z—yg;p)

T (3) mg
md* T (2-9)
— (4;)g [ d_32 F (1,2— ,4—d,—A)
+ (—=A)3T (‘21 — 1> I'(3—d)F (d —1,d—2;n—2; A)]
= F(d,A)+A%T3G(d, A), (3.93)

where F'(d,A) and G(d,A) are proportional to hypergeometric functions.
We can expand the hypergeometric function F' for |z| < 1,

ab  ala+1)b(b+1) i

F(a,b;c;2) = l—i-?z—i- (et 1) 5 T (3.94)
and find

Fd,A) = 00" +0(") + 00 + -, (3.95)

G(d,A) = 0@ ) +0p) +0@p* ) +---. (3.96)

Therefore, the PCB terms are contained in the first term of loop function and should be
subtracted. Generally, there are two approaches to systematically obtain the PCB terms.
First, one can calculate a Feynman diagram using the MS scheme to obtain analytical results,
and pick out the subtracting PCB terms by using the chiral counting order for the building
blocks. This method is obvious when the loop integral has a simple Lorentz structure and can
easily generate explicit expressions for the analytic terms. For example, one can calculate the
one-loop chiral corrections to the nucleon self-energy. But, in most cases the loop integrals are
rather difficult to perform explicitly, therefore, one has to find another method to determine
the subtraction terms for these cases.

In the second alternative, one can first expand the integrand in terms of the small quantities,
e.g. My, p, or 1/myg to identify the relevant terms of the final PCB terms with the naive chiral
counting analysis, and then perform the integration to obtain the corresponding PCB terms.
Here, we want to mention that, since the PCB terms are always finite and analytic, this method
should always work.

After using the EOMS scheme, the one scalar loop integral Eq. (3.57) becomes

1 m2 m 2m m2 m
H =—— | —ZTlog =L T o/1——= —T . 3.97
EOMS 1672 (m% ©8 mg + mg 4m3 arceos 2m0> (3:97)

We can see that Hgowms is the same as Eq. (3.57) except for the power-counting breaking terms.

Finally, we would like to summarize the differences among the MS, HB, IR and EOMS
renormalization schemes. As an important feature of ChPT, the HB, IR, and EOMS methods
satisfy the power-counting rule. More precisely, comparing with the Egs. (3.70),(3.83), and
(3.97), we can find that the results of HB scheme only contain terms of the specified chiral
order, while the other two methods also have a series of higher order terms (recoil corrections).
In addition, one can obtain the HB results by expanding the IR results in powers of 1/mg
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Figure 3.1: Power counting scheme of BChPT with MS, HB, IR, and EOMS renormaliza-
tion schemes. Pink-filled points denote the contact terms. Red-filled circle are the PCB
terms. Black and blue circles indicate the strict PC terms and the higher order corrections,
respectively. Half- and full-filled circles denote the analytical terms which have the different
analyticity (The details can be seen in text). The figure is taken from Ref. [199].

up to specific orders. Both HBChPT and IR BChPT spoil the analytical structure of loop
amplitudes, the EOMS scheme has the same analyticity as the MS. These two features are
clearly illustrated in Fig. 3.1 for the case of the pion-nucleon scattering.






CHAPTER 4

Octet Baryon Masses in ChPT

In this chapter, we perform the chiral expansion of octet baryon masses in covariant baryon
chiral perturbation theory with the extend-on-mass-shell scheme up to next-to-next-to-next-
to-leading order. The virtual decuplet baryon contributions are explicitly included. In order
to take into account lattice QCD artifacts, finite-volume corrections are carefully examined in
the same framework. Furthermore, finite lattice spacing discretization effects are calculated by
constructing covariant baryon chiral perturbation theory for Wilson fermions.

4.1 Chiral expansion of octet baryon self-energies

In the past decades, the ground-state octet baryon masses have been studied extensively [47—
56, 58-63]. It is found that SU(3) HBChPT converges rather slowly [76] in several versions
of BChPT. Most calculations are performed only up to NNLO because of the many unknown
LECs at N3LO except those of Refs. [50, 51, 53, 61-63|. Regarding chiral extrapolations, Young
and Thomas [58] obtained very good results using the FRR scheme, which induced a form factor
in HBChPT to decrease the loop contributions, up to NNLO by fitting the LHPC [25] and
PACS-CS [23] lattice data. In Ref. [56], we applied the NNLO EOMS-BChPT to analyze the
same lattice data and found that the EOMS-BChPT can provide a better description of lattice
data and is more suitable for chiral extrapolation purposes than HBChPT and NLO BChPT.
Recently, using a partial summation scheme up to N3LO, Semke and Lutz [61, 63, 200, 201]
found that the BMW [22], HSC [26], PACS-CS [23], LHPC [25], QCDSF-UKQCD [28], and
ETMC [160] lattice results can be well described.

On the other hand, up to now, a simultaneous description of all the ny = 2 + 1 lattice
data with finite-volume effects taken into account self-consistently is still missing. ! Such a
study is necessary for exploring the convergence properties of the SU(3) BChPT by numerically
evaluating the contributions of different orders. And, it is also helpful to test the consistency
between different lattice simulations. Furthermore, it also provides a good opportunity to
determine/constrain the many unknown LECs of BChPT at N3LO.

4.1.1 Chiral effective Lagrangians

In this subsection, we collect the relevant chiral Lagrangians for the calculation of octet baryon
masses in the u, d, s three-flavor sector up to N3LO. Firstly, we would like to present the meson-
baryon effective Lagrangians without including decuplet baryon interactions. After that, the
related decuplet baryon Lagrangians are discussed.

In Ref. [63], Semke and Lutz showed that their partial summation approach can reproduce the results of
the HSC and QCDSF-UKQCD collaborations by fitting the BMW, PACS-CS and LHPC data.
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Chiral effective Lagrangians without decuplet

The Lagrangians can be written as the sum of a mesonic part and a meson-baryon part:
_ r® (4) (1) (2) ®3) (4)
Leg =Ly +Ly +Lypg+Lyp+Lip+Lyp (4.1)

where superscript (i) denotes the corresponding chiral order O(p'), ¢ = (w, K, 1) represents
the pseudoscalar Nambu-Goldstone boson fields, and B = (N, A, X
baryons.

, Z) lowest-lying octet

Pseudoscalar meson Lagrangians

The lowest order meson Lagrangian has been given in Eq. (3.38) of Chapter 3, and the
corresponding notations can be found in there.

The most general meson Lagrangian at O(g*) allowed by symmetries has the following
form [34]:

£l = Li[(DUDMN + Ly(D,U (DU DHU (DU
+L3(D,U(D*U)' D, D(D*U)"Y + Ly(D,U(D U (xUT 4+ UxT)
+L5(DU(D"U) (xUT + UXT)) + Le[(xU" + UXT)]?
+Lr[(xUT = UxH]? + Le(UxTUXT + xUTXUT)
—iLo(fRDU(DYU) + fL,(D"U) DYU) + Lio(U fL,UT £17)
HH( R+ FL 1) + Ha(xx), (4.2)

where the field-strength tensors are defined as f&” = OrY — 9Vr# —i[r#,r¥] and 1" = OH1¥ —
ovIH —4[l*, 1] with r, = v, + ay, I, = v, — a, with v, and a, the external vector and axial
currents. The LECs Lq.... 10 and Hj 2 are scale-dependent and absorb the infinities generated
by the one-loop graphs.

Pseudoscalar meson-octet baryon Lagrangians
The effective pseudoscalar meson-octet baryon Lagrangians contain terms of odd and even
chiral orders,
s 1 2 3 4
el =80+ £+ 28+ 4. (4.3)

The lowest order meson-baryon Lagrangian has been presented in Eq. (3.55) of Chapter 3.
The meson-baryon Lagrangian at order O(p?) can be written as

, sb /
£y =8+ £y (4.4)

This separation is motivated by the fact that the first part appears in tree and loop graphs,
whereas the latter only contributes to masses via loops. The explicit chiral symmetry breaking
part reads as

L2 = by(x ) (BB) + bp(B{x+, B}) + br(Blx+, B]), (4.5)

where by, bp, and bp are LECs, and x; = ufxul +uxfu. For the latter part, we take the same
form as in Ref. [202]:

£ = by(Bluy, [w”, Bl]) + ba(Bluy, {u”, BY})
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+63<B{um[U“ Bl}) +b4(BB ><U”Uu>
Fibs ( #, [0 4. DyB))) — (BD, [, [u, v, ]])
+1bg ( Blu*,{u",v,D,B}]) — Bg v{u”, u“,’y“B]})

+iby ((B{u", {u",v,D,B}}) — Bﬁ v{u”, {“M’WB}}))

tibg ((nyuD B) — (BD,~,B) ) (Y + - (4.6)

where b ... 4 have dimension mass~ ! and bs.... 8 have dimension mass 2. If one works for a set
of fixed quark masses (e.g., Ref. [54]), all terms with one or two covariant derivatives can be
absorbed in the structures proportional to by.... 4. However, for our purposes, we need to retain
all the terms because they lead to different quark mass dependencies.

The contributions from the third chiral order Lagrangian are at least O(p®), which beyond
the accuracy of our studies. The fourth-order effective Lagrangian relevant to our study is [50]:

£l = d1<B[><+,[X+, B)) + da(Blx+ {x+ B})
d3(B{x+,{x+,B}}) + da(Bxy)(x+B)
d5(Blx+, B])(x+) + d7(BB){(x+)?
(B

+ds B){(x})- (4.7)

Chiral effective Lagrangians with decuplet

The baryon decuplet consists of a SU(3)-flavor multiplet of spin-3/2 resonances. Usually,
the spin-3/2 particle can be described by the Rarita-Schwinger (RS) field [203], 1,. The
corresponding free Lagrangian is

Efree = 1, (i7" 0o — M )ihy, (4.8)
with the mass M and the totally antisymmetric gamma matrix products y*¥ = %['y“,fy” ],
AP = %{’y‘“’,’ya} = —igh*Pryzvs (using the convention epjog = —e%12% = +1). After, one
can obtain the Euler-Lagrange field equations

(i) = M), = 0 (4.9)
0", = 0, (4.10)
Y, = 0 (4.11)

Due to the last two constraints, it is clearly that the 16 components of vector-spinor field are
reduced to 4 independent components which is the physical number of spin degrees of freedom
of the massive spin-3/2 particle.

For the interacting case, because the physical and unphysical components may couple
in a nontrivial way, the situation becomes more complicated. The most general form of an
interaction among a spin-3/2 particle, a nucleon (¥) and a (pseudo-)scalar boson (¢) is given
by [204],

_ 1
Ling = g¥u |9 — (2 + 5)7“7” v, + H.c., (4.12)

where g denotes the coupling constant and z is the off-shell parameter. This is the so-called

inconsistent coupling and may often involve the unphysical spin-1/2 components. On the other
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hand, the “consistent” spin-3/2 couplings, proposed by Pascalutsa [205, 206], satisfy the gauge
invariant (1, — ¢, + 0,&, with a spinor field ) and remove the spin-1/2 background,

LG = g P (0,0,) 1570 WIge + Hec.. (4.13)

Following, we would like to employ this method to include the decuplet baryon in the chiral
effective Lagrangians.

For the decuplet baryon, Tﬁbc, the physical fields are assigned to the tensor as 711 = A++,
TUZ = AT/V3, T122 = A0//3, T222 = A~ T8 = y*+//3 7128 = ¥40//G 7223 —
Y7 /3, T3 = =%0//3, 1?33 = 2%~ /4/3, and T333 = Q~. The covariant free Lagrangian for
decuplet baryons is

Lp= Tﬁbc (iY" YDy — mpy™) T, (4.14)

where mp is the decuplet-baryon mass in the chiral limit and the derivative of the decuplet
baryon fields is defined as
D, T = 9,T3* + (T, Tp,)™, (4.15)

with the definition (X, T},)** = (X)§Td*+ (X)) Ta% 4+ (X)5T2*. In the previous and following
Lagrangians, we always apply the Einstein notation to sum over any repeated SU(3)-index,
and (X)f denotes the element of row a and column b of the matrix representation of X.

The O(p?) Lagrangian for decuplet baryons is:

to = tp -
Loh = ST T ) + 5 T (e, T) ™, (4.16)
where the parameters tgy, tp are two unknown LECs.

At O(p?), the chiral effective Lagrangian, describing the interaction of octet and decuplet
baryons with pseudoscalar mesons, can be written as [118]

1 iC
Lfbf):D =

o F, (06T )y BED, ¢ + H.c., (4.17)

where the coefficient C denotes the ¢ BT “consistent” coupling.

4.1.2 Octet baryon self-energies up to N3LO
Baryon self-energy up to N3LO

The physical baryon mass is defined at the pole, p = mp, in the two-point function of the
baryon field ¢ p(x)

, - 1
So(x) = —i(0|T[yp(2)¥p(0)]|0) = m, (4.18)
where () corresponds to the baryon self-energy,
mp —mo—S(p=mp) =0, = mp=mo+X(p=mp). (4.19)

The leading contribution to the self-energy, ¥, = mg), is of order O(p?) [Fig. 4.1(a)]. The

self-energy 3 = mg’) of the one-loop diagram [Fig. 4.1(b)] is of order O(p?). One tree diagram

contribution from E((;% [Fig. 4.1(c)] and two loop diagrams [Figs. 4.1(d,e)] are of order O(p?),
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Figure 4.1: Feynman diagrams contributing to the octet-baryon masses up to O(p*) in the
EOMS-BChPT. The solid lines correspond to octet-baryons and dashed lines refer to Goldstone
bosons. The black boxes (diamonds) indicate second (fourth) order couplings. The solid dot
indicates an insertion from the dimension one meson-baryon Lagrangians. Wave function
renormalization diagrams are not explicitly shown but included in the calculation.

mg) = Y.+ Xg + Xe. We remark that due to parity conservation, there are no first order
contributions. The baryon mass up to fourth order in chiral expansion can be expressed as

mp = mg + mg) + mg) + mg). (4.20)

The tree diagrams [Fig. 4.1(a,c)| can be calculated straightforwardly. The corresponding
results are shown below. The three one-loop diagrams [Figs. 4.1(b,d,e)| yield, generically,

G / d*k " 1 0 1 (4.21)
= 7 .
b @)t P —mo v e’ PR2 - MZ t i’
d*k 1
Gy = i | —— {1, k", kkp'y ) —— 4.22
d 2/(271’)4{7 uR™y Ry pﬁy}k2_M£—|—i6 ( )

Ge = im / gffyl%75( — .)2%%1 (4.23)

where My represents the mass of a Nambu-Goldstone boson. These loop integrations can be
calculated in the standard way as given in Appendix C. The above loop functions contain
PCB terms and therefore additional steps need to be taken to conserve a proper chiral power-
counting scheme. As we have demonstrated before, the EOMS scheme has shown a relatively
better convergence property than HB or IR approaches. Therefore, we would like to employ
the EOMS scheme to subtract the PCB terms. After calculating all the Feynman diagrams
shown in Fig. 4.1, we obtain the chiral expansion of octet baryon masses up to N3LO.

At O(p?), the tree level contribution provides the leading order (LO) SU(3)-breaking cor-
rections to the chiral limit octet baryon mass

my = Y €5l m2, (4.24)
¢=m, K

where the coefficients 61(3a)¢ are listed in Table 4.1.
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Table 4.1: Coefficients of the NLO contribution to the self-energy of octet baryons [Eq. (4.24)].

N A - =
g(Ba’)ﬂ —(2bg + 4bF) ?2(3170 —2bp) —(2bg + 4bp) —(2bg — 4bF)
Wi —(dbo+4bp —4bp)  S2(6by +8bp)  —4bo —(4bo + 4bp + dbr)

Table 4.2: Coefficients of the NNLO contribution to the self-energy of octet baryons [Eq. (4.25)].

N A 5 =

(e 3D+ F)? 2D? 2(D*+6F%)  3(D-F)?

Wi  L(BD*—6DF+9F%) 2D+ 9F%)  2(D*+F%)  L(5D+6DF +9F?)
b

gy L(D—3F) 2p2 2p? (D +3F)?

At O(p?) diagram Fig. 4.1(b) gives the NLO SU(3)-breaking corrections to octet baryon
masses

@_ 1 b) )
= g, B, S o) 29

where the coeflicients gg’)d) are given in Table 4.2, and the corresponding loop functions

HY (M) is

2M3 M
Hg’) (My) = ¢ 4m(2) — Mi arctan | ———0
mo 4m% — Mé

2m2 — M? M
+4/4mi — M¢2> arctan 0 ¢ + My log =2\, (4.26)
My [4m3 — M mo

The NNLO SU(3)-breaking corrections to the octet baryon masses are

my = €My + €M + €5 MM
1
) Z (€5 HED () + €D H D (M) + €55 HE (M)
d) d):ﬂ—’ K)ﬁ
1 (e) (e)
+W Z fBB/,¢ ) HB7B/(M¢)' (4.27)
¢=m, K, n
B'=N ,A, 3, =

The first three terms of Eq. (4.27) are the tree contributions of diagram Fig. 4.1(c), and the
corresponding coefficients fg?ﬂ, 51(;7)[(, §](30’)7r x can be found in Table 4.3. The next term is the
contribution from the tadpole diagram Fig. 4.1(d) and the Clebsch-Gordan coefficients are
listed in Table 4.4. The last term is from the one-loop diagram of Fig. 4.1(e), together with
the wave function renormalization diagrams not shown, and 51(361)9,7 » can be found in Table 4.5.
After using the EOMS scheme to remove the PCB terms, the loop functions are written as:
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/ \ / \
4 o 4 " - ‘=._ + _=_._

(a) (b) (c)

Figure 4.2: Feynman diagrams contributing to the octet baryon masses with the intermediate
decuplet resonances. The solid lines correspond to octet baryons, the double lines to decuplet
baryons, and the dashed lines denote pseudoscalar mesons. Black dots indicate an insertion
from the dimension one chiral Lagrangian [Eq. (4.17)], and black boxes (diamonds) indicate

O(p?) mass insertions.

2
HYY(My) = M2 |1+ (;})] (4.28)
¢
4.2 u?
HYP(Mg) = M1+ (251, (4.29)
¢
M 2 1
2M3 M
H(Be)B’ (Mg) = ¢ [6mg(mg) - mg,)) — M£(2mg) - mg,))} arccos —2
’ mQ\/m 2ma
0 0 p
3m2 m(2) o m(Q,) — M2 2m(2) - m(2,) M2
—M? [3<m§§>—m§§2>+ o(m —my) - o (2m B)ln—g)
mo mO
2
+ (m§) +m§)In TZS} ; (4.31)

where m(BQ) and mg,) are the corresponding LO SU(3) corrections to octet baryon masses given

in Eq. (4.24).

4.1.3 Virtual decuplet contributions

Up to N3LO, the octet baryon masses with the virtual decuplet contributions can be written
as

mp = mg + mg) + mg’) + mg) + mggD), (4.32)

Table 4.3: Coefficients of the N3LO tree contribution to the self-energy of octet baryons
[Eq. (4.27)].

N A b =
. —4(4dy +2ds5 +d7 +3ds)  —4(4ds + Sdy +d7 +3ds)  —4(4ds +d7 +3ds)  —4(4dy — 2d5 + d7 + 3ds)
(c) —16 (dl —do + d3 —16 (d1 + ds + ds3
B,K —ds + d7 + ds) +ds + dr + ds)
(c) 8 (4d1 — 2do — ds 8 (4d1 + 2d2 + ds
fB,wK —2d7 + 2dg) —2dr7 + 2dg)

716(%d3+ %d4+d7+d8) 716(d7+d8)

16(8ds + 3ds — d7r +ds)  —16(d7 — ds)
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Table 4.4: Coefficients of the tadpole contribution to the self-energy of octet baryons
[Eq. (4.27)].

N A x =
(Bd}’;) —3(2b0 +bp + bF)mfr —2(3b0 + bD)mZ —6(b0 + bD)mi —3(2by + bp — bF)m2
R - (4b0 +3bp —bp)m%k  —4(6bo +5bp)my  —4(2b0 +bp)mk  —2(4by + 3bp + bp)m%
gg’l’;) —% [8(bo +bp —bp)m3  —Z [4(3b + 4bD2)m§< =2 [4bom’% ) —2 [8(bo +bp + bp)mg(
; (2b0 +3bp — 5bp)m2]  —(3by + Tbp)m?2] +(bp — bo)m?2 | —(2by + 3bp + 5br)m
§2 3(by + by + by + 2by) 2(2by + 3by) 2(4by + 2by + 3bs)  3(by + by — by + 2by)
SR 2(3by +3by — by +4by)  £(9b1 + by + 6by) A(by + by +2by)  2(3by + 3by + by + 4by)
655’3) %(91)1 + by — 3b3 + 6b4) 2(2bs + by) %(21)2 + 3[)4) %(9[)1 + ba + 3b3 + 6b4)
§2 6(bs + bg + by + 2bs) 4(2b7 + 3bs) A(4bs + 2b7 + 3bs)  6(bs — bg + by + 2bg)
W) A(3bs — bg + 3by +4bs)  S(9bs + by + 6bs) 8(bs + by +2bs)  4(3bs + bg + 3by + 4bs)
€5 2(9bs — 3bg + by + 6bs)  4(2b7 + bg) 4(2b7 + 3bg) 2(9bs + 3bg + by + 6bg)

Table 4.5: Coefficients of the loop contributions (Fig. 4.1e) to the self-energy of octet baryons
[Eq. (4.27)].

N A > =

n = 3(D + F)? k= £(D +3F)? © D-F D —3F
J(vng*4( + F) ANK*(;( + 3F) (21)\/1( 3 )? f(—/stl 3 ( )?
ENNn:112(D_3F)2 gAA7]_1D2 EAw:;%DQ £ZK_%(D+F)
N T A D N i
]\?EK:%(D_FP AeEK:%(D_?’F)z fzzn_ 3D? EEn:%(D+3F)

(265)1( = (D+F)2

where m% ) denotes the contributions of virtual decuplet resonances up to N3LO. After cal-

culating the Feynman diagrams shown in Fig. 4.2 and subtracting the PCB terms with the
EOMS scheme, the virtual decuplet contributions to the octet baryon masses can be expressed
as

(D) 1
m = — {
B (47TF¢)2 o 72;{ : BD¢> ( )
1 (b/c) 1r(b/c)
to s ) Epp (Myg). 4.33
(4mFy)? N BD', BD( 6) ( )

D'=A, $*, =%, Q-
The first term of Eq. (4.33) is the NNLO contributions of Feynman diagram Fig. 4.2(a). The
corresponding coefficients fg% ¢ are listed in Table 4.6 and the loop function H](BQ)D (My) is

1
HY)(My) = WM¢ [2md + 4mdmp — TmEMZ — 4momp(m} + M3)
D

—2(m} + 3m2DM¢2> — Mé)]

1 M, 4 3 2 2 2

+mg(6m3 — 2mDM£) + 6m7, — 4m%M£ + Mg]
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1 mDM
——3—5(mo — mp)(mg +mp)3In 27‘?52
12mgm7, m% —m3
x [mg — 2mg(m$ + 2M3) + 2momp M3 + mp, — 4mp M)
1
— 2momp + m3, — M2)*(m3 + 2momp + m3, — M2)3
12m0m \ﬁ( 0D D 3)°(mg 0mp D )

. mg +m3, — M . mg —m3, + M
>< J—
arctan W arctan W

where W = —mg — (m}, — M3)? + 2mg(m7, + M).
The next term is the virtual decuplet contribution at O(p*) from the one-loop diagram
of Fig. 4.2(b) and the wave function renormalization diagrams of Fig. 4.2(c). The Clebsch-

Gordan coefficients & B/ g /4 are tabulated in Table 4.7, and the loop function Hfgb/Dc?( My) has
the following form:

, (4.34)

(b/c) 1 e 9 )
HB,D (qu) = W M¢ [ (11m0 + 8momp + 9mD)
x(m§ —m¥p) + (5m3 + 8momp + 18m%)M£ — GMQ‘}
1

(2) 4 3 4

—6mp M; — 6M + 6momp(4m + M) + 3m(dm3, + TM7)]

LIe) M, 5
_W M¢1n (mD [12mD(mo+mD)

+6(mg — mim?, — 2mom?, — ?mﬁ))Mq% + 4(m2 + momp + 3m2D)]\4(;1 - 3M£]

1 @) 221 [ Mo
s BmeM¢ln =

5
9 8
6mym mD> [mD( mo + 8mp)

+3(m3 — m%)(2mg + momp + 2m%)Md2) — mgo(4mo + mD)Mg + Mg]

1 mDM

I Vs _ 2 A (BP0
12miyed, Me(mo = mp)(mo +mp)n <m% g,

X [mD (—5m3 + 2momp — 3m2D) @) 4 2my (m% momp + SmD) (D)}

mpM,

jmoMg In (D2¢) {GmD(mo + mD)m(BQ) —mo(4dmg + 3mp)m }

6my, 1

1

+ —2mm +m32 — M?)(m? + 2momp + m% — M?2)?
12m0mD\ﬁ( omp +mp — Mg)(mg omp +mp — Mg)

Table 4.6: Coefficients of the NNLO virtual decuplet contribution to the self-energy of octet
baryons [Eq. (4.33)].

N A by =

(a) 16 8 4
BD,w ?CQ 4c? 9C2 362
5%%}}{ %CQ 262 490C2 4c2
BD.a 0 0 ac? 1c?
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Table 4.7: Coefficients of loop diagrams (Fig. 4.2(b/c)) to the self-energy of octet
baryons [Eq. (4.33)].

N A by =
51(\1;Ac?w =4c? 5/(\1)25) = 3¢? §(szc,)K = %Cz Lbzi)K =c?
o = 0L =20 CORRY R Lo 2
G~ ¢ b9~ 2
gg)E/i),K — %62 5(Eb£02 K — 2c?

Table 4.8: Coefficients of LO contribution to the self-energy of decuplet baryons [Eq. (4.36)].

A »* =* Q-
§Dyr to+3tp to+1tp to—tp to — 3tp
ED.K 2to 2to + 2tp 2tg + 4tp 2to + 6tp

+2m%m%(mQD + Mi)( (2) + mg))) + 2m0 (2(m2D — Mi) (2) + mD (2)>

—migmp (5mf +2m) + 2mim{3 |

m2 +m?2, — M2 mi —m?% + M?
X [arctan( 0 D ¢> +arctan< 0 D 21, (4.35)

w w

where the NLO octet baryon mass, mg), is given in Eq. (4.32) and the NLO decuplet baryon
mass is
m'?) = - > g (4.36)
¢=m,K
The corresponding coefficients fg’)qs are listed in Table 4.8. It should be noted that in order to
obtain the results of Eq. (4.33), the decuplet-octet mass difference, § = mp —my, is considered
up to all orders [56]. Here we want to mention that there are two diagrams (presented in
Fig. 4.3) contributed to the octet baryon masses up to N3LO. In Ref. [207], it was pointed that
their contributions are small and should be started at O(p°) in EOMS BChPT. Therefore, we
do not include them in this work.
At N3LO, a replacement of meson masses by their O(p?) counterparts in mg) generates

N3LO contributions to me). The corresponding Nambu-Goldstone boson masses up to O(p?*)

----------

Figure 4.3: Two feynman diagrams contributing to the octet baryon masses with the interme-
diate decuplet resonances. The other notations are the same as Fig. 4.2.
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can be found in Ref. [34], which read as

M?2 M?2 M? M?
M2, = MZ2,914 2 | —22 | - 22 gy ( 12
’ ’ 3271'2F¢ w2 967r2F¢ w2

16 2 2
t22 ( 2’2+MK2> (2Lg — L}) 2 (215 — LY) }, (4.37)
é
M? M?
M2 — 1 7,2 1 2
fod K’Z{ T B n( 2
16 | [ M2 M?
+toe ( ;’2+Mm> (2L — L£)+%(2Lg—Lg) : (4.38)
é
M2 — 2 Mgﬁ 1 M3,2 MEQ ME,Q M12<,2 M12<,2
A4 7,2 7 1 2 |~ 502 In 5 |t 5 1 2
’7 96T F2 1 32722 L 4872 F2 L
2 2
M2, |1+ Mico 1 (M Moz )y (M2
2 162 F2 p> ] 24m2F? e

16 (M7, v e JMao
+< ’ 2,>(2L6—L4)+8};72’(2L8—L5)

2
Fg\ 2 s
128 (M7 5 — M2 5)?
+—5- K’2F2 2L (3L7 + L). (4.39)
p

The empirical values of 2L; — L) = —0.17 x 10~3 and 2Lg — Lt = —0.22 x 1073, and 3LL +
L = —0.15 x 1072 are taken from the latest global fit [208], which are evaluated at the
renormalization scale u = 0.77 GeV. 2 To be consistent with our renormalization scale used for
the one-baryon sector, we have re-evaluated the LI’s at u =1 GeV.

4.2 Finite-volume corrections

Because lattice QCD simulations are performed in a finite hypercube, the momenta of virtual
particles are discretized. As a result, the simulated results are different from those of infinite
space-time. The difference is termed as finite-volume corrections. In cases where MyL > 1,
the so-called p-regime, ChPT provides a model-independent framework to study FVCs [77, 78].

Physically, finite-volume corrections can be easily understood. Because of the existence of
space-time boundaries, the allowed momenta of virtual particles become discretized, i.e, one

has to replace a momentum integral by a finite sum of discretized momenta,

/Oo ik — i <2L”> n, (4.40)

—o° n=—N+1

2Tt should be noted that the uncertainties of the L} are quite large. Because the effects of their contributions
are found to be small, we do not take into account the uncertainties of these LECs in our fit of LQCD mass
data.
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with N = L/(2a) (assuming periodical boundary conditions). In LQCD simulations of zero-
temperature physics, the temporal extent is generally larger than the spatial extent such that
the integral in temporal dimension can be treated as if it extends from —oo and co. As a result,
only the integral in spatial dimensions should be replaced by an infinite sum. Furthermore, it
is obvious that only loop diagrams are affected by the existence of space-time boundaries.

In the following, we take the one-loop diagram of Fig. 4.1(c) as an example to present the
details of FVCs calculation. The definition of FVCs is the following difference:

56 = (L) — G (c0), (4.41)

where GSBC)(L) and G%)(oo) denote the integrals calculated in a finite hypercube and in an
infinite space-time, respectively. These quantities have several features that make calculations
more feasible than a direct computation of ngc) (L). First, because GSBC)(L) and Gg)(oo) have
the same ultraviolet behavior, (5GS§) are finite and can therefore be calculated in four dimen-
sions. Second, the unwelcome PCB terms appearing in a covariant baryon ChPT calculation
are absent because they emerge from short-distance physics while such short-distance proper-
ties are the same in GSBC) (L) and Gg)(oo). As a result, PCB terms vanish in the differences
5G(BC) and no power-counting-restoration schemes, such as EOMS or IR, are needed to calculate
5G9

Using the Feynman parameterization, one obtains

(c) _ Kk —p+mo)k
GB (OO) - / / k‘ px) _MQB)Q

d4k ;é — 2k - p) + 2k*M,
= 4.42
/ d$/ 4 I{:—px)z—MQB)Q ) ( )

where M% = 2?mi + (1 — ac)M2 —ie. Calculating the integral [Eq. (4.42)] in a finite hypercube
requires treating the temporal and spatial dimensions differently. We choose to work in the
baryon rest frame, i.e., p* = (my, 6) In this frame,

dk:o (ko — 7 - k) (k2 — k2 — 2komo) + 2(k2 — k2)my
- : . (4.43)
(ko — wmo)2 — F2 — M3

This can be easily calculated by performing a shift in ko (kg — k{, + zmg), Wick rotating k{
(k{, — ik{), and then performing the integration over k(. The result is

3/2
L o (m2a® 4 M2 o
4m0(m0x + Mp(xz+2)) (EQ +MQB> . (4.44)

After utilizing the master formula [209], one can easily obtain

1
. 1
5GL = / da [2m0(2$+1)51/2(MZB)
0
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1
*ZWO(m(Q)ﬁ3 + ME(x +2))83/2(M3B) |, (4.45)
where
2—1/2—r \/W 3—2r o . .
(M) = E e S M) Ky (LR, ()
740

where K, (z) is the modified Bessel function of the second kind, and > =

7i£0
> 22 (1=4(]7],0)) with 7 = (ng, ny, n2).
Ng=—00 Ny=—00 N;=—00
In a similar way, one can calculate FVCs of Fig. 4.1(de)
1
3G (My) = 5012 (MF) (447)
M2
5GA2) (M) = 7%1 12 (M2, (4.48)
m
0GE " (My) = 26172 (M7) | (4.49)
(€) ' Lo @), () 2
5GB,B’ = A dx —5(2l'mB +mB,) 61/2(./\/13)

1

1 [Mq%(a: - 1) (mg)(l +z) + m%))

—2xm? (mg)(5x2 -3)+ mg) (4x + 3))] 53/2(/\/123)
—% [Gmé(x +1)23 (mg) (r—1)+ mg,)) - Sm%Mfs
x x(z —1)(z + 2) (mg?(m 1)+ m§§>)] 55/2(/\/123)} L (4.50)

In addition, when the virtual decuplet baryon contributions are taken into account, the
FVCs to the loop results of Fig. 4.2(a,b,c) are

a 3 ! mé (mo(l —z) +m
Gy, = /O daz[ olmoll = r) ¥ mp) s (a3)

4 6m?,
mé (mo(1 — ) +mp) M?
_ O( 0( )2 D) D53/2 (MQD) , (451)
6m7,
and
1

(b/c) L) 20, (2)
0Gp'p = Gm?b/o dw{PmO(:U L)mp,

—momp (mg) + Bmg) (x — 1)) + Qm%mg)} d1/2 (M%)

+ [3m%mpx($ — l)zmg) —2magM%(x — 1)mg)
+3mimex(z — 1) (mg) - mg)) + mompM%

X <3m(§) (x—1)+ mg)) - 3m0m3Dm(D2)w - ZmQDM%mg)} 03/2 (MQD)
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+3momp M [—m%(w - 1)2m(§)

+momp(z — 1) (mg) — mg)) + m%mg)} d5/2 (M%)} , (4.52)

respectively, with M2, = 22m2 — 2(m% — m%) + (1 — a;)Mq% — €.

4.3 Finite lattice spacings discretization effects

To apply ChPT to the study of lattice simulations, in principle, one should first take the
continuum limit of LQCD data, since ChPT describes continuum QCD and is not valid for
nonzero lattice spacing. However, nowadays it is a common practice to assume that lattice
spacing artifacts for current LQCD setups of @ ~ 0.1 fm are small and can be treated as
systematic uncertainties.

In order to study discretization effects on LQCD simulations, one can first write down
Symanzik’s effective field theory [82-85|, a continuum effective field theory which describes
the lattice field theory close to the continuum limit, and then one can extend ChPT to be
consistent with this EFT with additional symmetry breaking parameters. In this way, the chiral
expansion results can naturally encode lattice spacing effects (see, e.g. Ref. [210]). Sharpe
and Singleton [211] and Lee and Sharpe [212] first extended ChPT to include finite lattice
spacing effects up to O(a) for Wilson fermions [17] (WChPT) and staggered fermions [137, 139
(SChPT), respectively. Later, Munster and Schmidt [213] applied WChPT to the study of
discretization artifacts of twisted mass fermions (tmChPT) [141, 142].

In the past decade, discretization effects on the ground-state meson/baryon properties, such
as masses, decay constants, electromagnetic form factors, etc., have been extensively studied
in WChPT. In the mesonic sector, the masses and decay constants of the Nambu-Glodstone
mesons were first studied up to O(m?) and O(a) for the Wilson action [86] and for the mixed
action [87], where Wilson sea quarks and Ginsparg-Wilson valence quarks are employed. These
studies were subsequently extended to next-to-leading order (up to O(a?)) [88, 89]. In the one-
baryon sector, a systematic study of the nucleon properties up to O(a) was first performed
by Beane and Savage for both the mixed and the unmixed action [90]. The electromagnetic
properties of the octet mesons as well as of the octet and decuplet baryons were also studied up
to O(a) for both the mixed and the unmixed action [93]. Discretization effects on the nucleon
and A masses [91] as well as on the vector meson masses [92] were also studied up to O(a?).
The EFT for the anisotropic Wilson lattice action has been formulated up to O(a?) [94] as
well.

In this subsection, we aim to study the discretization effects of the LQCD simulations
of the ground-state octet baryon masses up to O(a?) in covariant BChPT with the EOMS
renormalization scheme. Firstly, we briefly review the continuum effective action up to and
including O(a?). After, we follow closely the procedure and notations of Ref. [91] and construct
for the first time the chiral Lagrangians incorporating a finite lattice spacing for the Wilson
action in the u, d, and s three-flavor one-baryon sector.
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4.3.1 Continuum effective action

Close to the continuum limit, LQCD can be described by an effective action, the ‘Symanzik
action’ [82, 83|, which is expanded in powers of the lattice spacing a as

Sef = So+a51+a252+---
_ / (LD +al® 4200 4 ..., (4.53)

where the index i = 4,5, ... denotes the dimension mass. The £®) is the normal (contin-
uum) QCD Lagrangian and the two new terms £ and £ are introduced to include the
discretization effects of LQCD. The Lagrangian £ contains chiral breaking terms only, while
£©) contains both chiral invariant and breaking terms. In the w, d, and s three-flavor sector,
QCD Lagrangian is
LW = lﬁq(iw - M)@Z)qa (4.54)
with the quark field v, and the quark mass matrix M = diag(m;, m;, m) in the isospin limit
(my =mg =my), and I = D~ with D,, the covariant derivative.
At O(a), there is only the Pauli term left by using equations of motion to redefine the
effective fields [85]
al®) = acsw@Z_Ja"”Gqud}, (4.55)

where G, = [D,, D,] and cgw is the Sheikholeslami-Wohlert (SW) [84] coefficient that must
be determined numerically. The w, (¢ = w, d, s) is a constant which is determined by the
kind of lattice fermions employed in LQCD simulations: w, = 1 for Wilson fermions [17] and
wq = 0 for Ginsparg-Wilson (GW) fermions [143]. Similar to the quark masses, the w,’s are
usually collected in the Wilson matrix,

W = diag(wy, wy, ws), (4.56)

with conserved isospin symmetry (w, = wg = wj). This term breaks chiral symmetry in
precisely the same way as the quark mass term. It should be noted that the Pauli term can be
canceled by adding the clover term to the lattice action [89], resulting in the O(a)-improved
Wilson fermion action [84, 85, 214, 215].

Up to O(a?), the Symanzik action for Wilson fermions has been extensively studied in
Refs. [84, 88, 89]. In total, there are 18 operators appearing in L£©) . They can be classified into
operators of the following five types according to whether or not they break chiral symmetry
and the O(4) rotation symmetry [91]:

° £§6): quark bilinear operators that conserve chiral symmetry,
PP, DD+ PDuD), DD PD (4.57)
° £g6): quark bilinear operators that break chiral symmetry,
YvmgD,Dyab,  (mg)wD,Dyth,  bmyio, G,  (mg)io, G . (4.58)
° EgG): four-quark operators that conserve chiral symmetry,

Wn)?, (Wyrs)®, (Dt0)?, (Gt ysv)?, (4.59)

where t* are the SU(3) generators, a =1,--- ,8.
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° 5516): four-quark operators that break chiral symmetry,
We)*, (Pwse)’s Pow)’s  WE9)% (0t"sy)’,  (Ptlowy)’. (4.60)
° ﬁéG) : quark bilinear operators that break the O(4) rotation symmetry,
7DDy Dyt. (4.61)

It should be noted that fermionic operators that conserve chiral symmetry first appear at

O(a?).

4.3.2 Wilson chiral Lagrangians

In order to construct the chiral Lagrangians of WChPT, one has to write down the most general
Lagrangians that are invariant under the symmetries of the continuum EFT. This can be done
by following the standard procedure of spurion analysis [88, 89]. In practice, in order to obtain
the corresponding a-dependent chiral Lagrangians, one only needs to know which symmetries
are broken and how [91]. Before writing down the chiral Lagrangians up to O(a?), one has to
first specify a chiral power-counting scheme, which should be enlarged to include the lattice
spacing a. In LQCD simulations, the following hierarchy of energy scales is satisfied:

1
mg < Agep € . (4.62)

If one assumes that the size of chiral symmetry breaking due to light-quark masses and dis-
cretization effects are of comparable size, as done in Refs. [89-91], one has the following ex-
pansion parameters:

2~ AZZD ~ aAqep, (4.63)

where € denotes a generic small quantity and Agcp ~ 300 MeV denotes the typical low energy
scale of QCD. Up to O(a?), the a-dependent chiral Lagrangians contain terms of O (a, amg,
a?) and can be written as

Eiff — £O(a) + L(’)(amq)
4060 | 06 | p0h) | p06h) | pO6) (4.64)

2
and L',Lo(a )(z' =1,...,5) are the five classes of chiral Lagrangians corresponding to the previous
five types of operators appearing in the Symanzik action at O(a?).
The chiral Lagrangian at O(a) can be written as

LW =bo(BB)(p1) +bp(Blpy, B]-) + br(Blpy, Bly), (4.65)

where by, bp, and by are the unknown LECs of dimension mass™!.

The new operator p; =
ulpul + up'u and p, transforms under chiral rotation (R), parity transformation (P), charge
conjugation transformation (C) and hermitic conjugation transformation in the following way:
O+ =, hphl with h € SU3)y» p+ L, Pty P+ g, pJTr, and py he, p+. The matrix p is related

to the Wilson matrix [Eq. (4.56)| via [86]

p = 2acswWoW, (4.66)
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Figure 4.4: Feynman diagrams contributing to the a-dependence of octet baryon masses up to
O(a?). The solid lines represent octet baryons and the dashed lines denote pseudoscalar mesons.
The boxes (diamonds) indicate the O(a) (O(a?)) vertices. The circle-cross is an insertion from
the £9(@) The wave function renormalization diagrams are not explicitly shown but included
in the calculation.

which introduces explicit chiral symmetry breaking because of the finite lattice spacing a. The
constant Wy = —(0|go G 1|0)/ Fg is an unknown dimensional quantity that is related to the
scale A.

The O(am,) Lagrangian has the following form:

£Oma) = by (BxypyB) + ba(Bx+Bpy) + bs(Bps Bx+) + ba( BBx1py)
+b5(Bx+)(p+B) + b6 (Bp1)(x+B) + br(B[x+, B])(p+)
+bs(B{x+, B})(p+) + bo(Blpy, B)(x+) + bro(B{p+, B}){x+)
+b11(BB)(x+)(p+) + br2(BB) (x+p+), (4.67)

where 17)17,”712 are unknown LECs of dimension mass™3.

One can eliminate the b3 term by
use of the following identity valid for any 3 x 3 matrix A derived from the Cayley-Hamilton

identity [216]:

D (A1AAsAs) — > (AiAgAg)(Ag) — ) (A1 Ag)(A3Ay)

perm=>6 perm==8 perm=3
+ > (A1Ay)(As)(As) — (A1) (Ag)(As)(As) =0, (4.68)
perm=~6

where ‘perm’ stands for permutation number. In the end, there are 11 independent terms left.

At O(a?), the previous five operators in the Symanzik action can be mapped into the EFT
with five classes of chiral Lagrangians £?(a2) (¢ =1,...,5). Following the notation of Ref. [91],
the first class of chiral Lagrangians can be written as

a? _ — _ — _ — _ —
L9 = a2y Wi [e1(BB) + &2(04)(BB) + &(BO4, Bly) + &(Bl0O4, BIL)],  (4.6)
where the operator O is defined as
O, =2 [uT(W — W+ u(W — W], (4.70)

with W =1-W = diag(1 —w;, 1 —wj, 1 —ws), and ¢;,_4 are the unknown LECs of dimension
mass 3.

Because the second type of operators have an insertion of the quark mass mg, the chiral
order of the corresponding chiral Lagrangians is at least O(p®), which is beyond the present
work and will not be shown.

There are seven independent terms in the third class of chiral Lagrangians

£ = a2 WE [e1(BlOy, [0y, B)) + e2(B[O4, {0, BY])
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+&3(B{0+,{04, B}}) + e4(BO1)(0,.B)
+eé5(B[04, B))(O4) + é6(B{O0+, B})(O4)
+e7(BB)(0,)* + es(BB){(0%)] (4.71)

where the €; are the unknown LECs of dimension mass—3. Furthermore, we can eliminate the
€¢ term by use of the Cayley-Hamilton identity [216]:

(B{X2, B}) + (BX BX) — %(BB) (X2) — (BX)(BX) =0, (4.72)

with X = Oy — %(O+> being a 3 x 3 traceless matrix.
Four-quark operators that break chiral symmetry can be mapped into the following chiral
Lagrangian:

£ = d1<B[ [+, B])) + do(Blp, {p+, B}])
B{p+,{p+,B}}) + da(Bpy)(p+B)

d3(B
ds(Blp+, Bl)(p+) + d7(BB)(p)”
(BB)(p?), (4.73)

with the seven unknown LECs d; of dimension mass~3. Because the chiral transformation prop-

-l-dg

erties of p; and x4 are the same, the chiral Lagrangian has the same form as the corresponding
fourth-order chiral Lagrangian of ChPT.
For the O(4) breaking operators, the mapped chiral Lagrangian can be written as

a2 B — —
E?( ) = GQC%WWOQ [f1<BDuDuDuDuB> + f2<0+><BDuDuDuDuB>
+f3(BD,D,D,D,[O,B]y) + f4(BD,D,D,D,[O,B]-)],  (4.74)

where the f; are the unknown LECs of dimension mass™. Their contributions to the octet
baryon masses can be absorbed by the terms of class one, i.e., Eq. (4.69).

4.3.3 Discretization effects up to O(a?)

The octet baryon masses up to N?LO and with finite lattice spacing a contributions up to
O(a?) can be expressed as

mp = myo +mg) +m ( )+ (4) + %), (4.75)
(a)

where mp’ denotes the discretization effects up to O(a?). In our power-counting scheme, it
contains the following three contributions:

m® = m9@ 4 mQma 4,0 (4.76)

Here, we need to mention that virtual decuplet contributions are not explicitly included,
since their effects on the chiral extrapolation and the finite-volume corrections are relatively
small [65].

In the case of unmixed Wilson action, where the u, d, and s quarks are all Wilson fermions,
the Wilson matrix can be written as W = diag(1,1,1). One can easily compute the O(a)
contributions of the diagram Fig. 4.4(a) to the octet baryon masses,

mS@ = —dacew Wo(3bo + 2bp). (4.77)
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Table 4.9: Coefficients of the O(am,) contributions to octet baryon masses (Eq. 4.78).

él gs
N B +2B;5 Bs + B3
A 3(B1 + By + 6Bs) $(2By + 2B5 + 3Bj3)
b)) By + By +2B3 Bs
= BQ + 233 Bl —+ Bg

The O(amg) contributions can be written as

mg(“mq) = —16acswWoBo(&my + Esms)

= —8acswWo (§ M2 + & (2Mf — M2)), (4.78)

and the coefficients & and &; are tabulated in Table 4.9. We have introduced the following
combinations of LECs: by 4 by +3by +3bg = By, by — 3by+3bg = By, and 2b1g+3b11 +b12 = Bs.
Hence, there are 3 independent combinations. In obtaining the above results, the light-quark
masses have been replaced by the leading-order pseudoscalar meson masses: m; = ﬁME and
ms = 55 (2Mf — M3).

The O(a?) contributions are not only from the fourth-order tree-level diagram Fig. 4.4(b),
but also from the one-loop diagrams of Fig. 4.4(c,d)

mg(GQ) = —a’cdy Wi (C +16D + IGE)
1
I F aCSWWO Z £B¢ (M¢)
 (4nF,)? L
477F¢ TrzK:néBB/ BB/( My), (4.79)

where C' = ¢, + 4(3¢ + 2¢3), D = 4ds + 9d7 + 3dg, and E = 4é3 + 9&7 + 3eg. We introduce
C +16D +16FE = 16X as one free LEC in the fitting process. The second line of Eq. (4.79) is
for the contributions from the tadpole diagram of Fig. 4.4c, and the corresponding coeflicients
5536?¢ are listed in Table 4.10. The last term is for the contributions from the one-loop diagram

of Fig. 4.4d, and the coefficients fj(_,gj)g, s are already given in Table 4.5. The loop diagrams
HY (M) and HY), (M) read

2
HY(My) = M2 |1+ (]\Z?)] (4.80)
2M? M M4 M
H(d)/(M¢) = mg(a) ¢ arccos <¢> "2 1n ( ¢>
oo m3, [4mg — M2 2mo ) mf  \ mj
2 mg
w203 (23 )] (4.81)
O(a)

where the mp " is for the leading-order discretization effects of Eq. (4.77).
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Table 4.10: Coefficients of the tadpole diagram contributions to octet baryon
masses (Eq. (4.79)).

N A > =

) 6(2b + bp + br) 4(3bo + bp) 12(by + bp) 6(2b0 + bp — br)
g)K 4(450 + 36D — BF) %(660 + 5BD) 8(250 + BD) 4(4[30 + 36D + BF)
g?n 2(6bo + 5bp — 3bp) 4(bo + bp) 4(3bo + bp) 3(6bo + 5bp + 3bF)




CHAPTER 5
Systematic study of lattice octet
baryon masses

In this chapter, we discuss a systematic study of the lattice octet baryon masses by performing
the chiral extrapolation of LQCD data, self-consistently including finite-volume corrections
and finite lattice spacing discretization effects of LQCD. In order to fix all the unknown LECs
and test the consistency of current lattice simulations, we perform a simultaneous fit of all the
publicly available ny = 2 + 1 LQCD data from the PACS-CS, LHPC, HSC, QCDSF-UKQCD
and NPLQCD collaborations. The contributions of virtual decuplet baryons are also explicitly
taken into account to study their effects on the chiral extrapolation of octet baryon masses
and finite-volume corrections.

5.1 Chiral extrapolation of octet baryon masses

In this section, we study light quark mass dependence of lowest-lying octet baryon masses
using the N3LO EOMS-BChPT mass formulas [Eq. (4.20)] by fitting ny = 2+ 1 LQCD
simulation results. As mentioned above, there are 19 unknown LECs, which cannot be fully
determined by the lattice data of a single LQCD simulation. Therefore, we decided to fit
all the published lattice results of ground-state octet baryon masses obtained by different
collaborations, including the PACS-CS [23], LHPC [25], HSC [26], QCDSF-UKQCD |[28] and
NLPQCD |29] collaborations. In performing such a study, we can test the consistency of all
these lattice simulations, which used totally different setups.

In the fit process, we use the meson decay constant Fy, = 0.0871 GeV [217|. In principle
at N3LO one can use either the chiral limit value Fy = 0.0871 GeV obtained from a two-loop
ChPT calculation [217], or the SU(3) averaged value, Fy, = 1.17F; with F; = 0.0924 GeV as in
Ref. [56]. The difference is of higher chiral order. In practice, we found that at N3LO the results
are not sensitive to these two options while at NNLO the SU(3) averaged value is preferred
by the LQCD data. For the baryon axial coupling constants D and F, we use the standard
value D = 0.8 and F = 0.46 with D + F' = 1.26 as determined from nuclear beta decay. We
have allowed D and F' to vary in the fits and found that the optimal values determined by the
lattice data are consistent with the phenomenological values. The renormalization scale p is
set at 1 GeV, as in Ref. [56].

As mentioned in Chapter 2, the fitted lattice data should fulfil M, < 500 MeV and MyL > 4
to ensure that the N3LO BChPT is valid for these pion (light-quark) masses and lattice volumes.
After selection, there are 11 data sets from the PACS-CS, LHPC, HSC, QCDSF-UKQCD and
NPLQCD collaborations, respectively. The results of different collaborations are not correlated
with each other, but the data from the same collaboration are partially correlated by the
uncertainties propagated from the determination of the lattice spacing. Therefore, in order
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Table 5.1: Values of the LECs and fit-y?/d.o.f. from the best fits. We have performed fits to
the LQCD and experimental data at O(p?), O(p?®), and O(p*) , without (Ip) and with (D) the
explicit contributions of the virtual decuplet baryons.

D-0(p*) D-0(p*) D-0(p*) D-O(p*)

mo [MeV] 900(6) 767(6) 880(22) 908(24)
bo [GeV ] —0.273(6) —0.886(5) —0.609(19) —0.744(16)
bp [GeV~Y 0.0506(17) 0.0482(17) 0.225(34) 0.355(20)
br [GeV™| —0.179(1 —0.514(1 —0.404(27) —0.552(28)
by [GeV™Y] — - 0.550(44) 1.08(6)
by [GeV ] — - —0.706(99) 0.431(93)
bz [GeV1] - -~ —0.674(115) —1.83(15)
by [GeVH] —~ —0.843(81) —1.57(4)
bs [GeV 2] —~ — —0.555(144) —0.355(74)
be [GeV 2 - - 0.160(95) —0.423(117)
by [GeV~—2] —~ — 1.98(18) 2.79(15)
bs [GeV 2] = = 0.473(65) —1.73(6)
dy [GeVT3] - - 0.0340(143) 0.0157(130)
do [GeV~3] - — 0.296(53) 0.445(57)
ds [GeV 3] — - 0.0431(304) 0.328(18)
dy [GeVT3] — - 0.234(67) —0.117(59)
ds [GeV ™3] — - —0.328(60) —0.853(77)
d7 [GeV3] - - —0.0358(269) —0.425(39)
dg [GeV 3] —~ —~ —0.107(32) —0.557(56)
x?/d.o.f. 11.8 8.6 1.0 1.0

to correctly calculate the y? we incorporate the inverse of the resulting correlation matrix
Cij = 0,0j0;; + Aa;Aa; for each lattice ensemble (see Ref. [56]) , where the o; are the lattice
statistical errors and the Aa; are the fully-correlated errors propagated from the determination
of lattice spacing a;. The FVCs to the baryon masses are consistently calculated in the EOMS-
BChPT framework as explained in Section 4.3.

We perform a y? fit to the lattice data and the physical octet baryon masses by varying
the 19 LECs. The so-obtained values of the LECs from the best fits are listed in Table 5.1.
We remark that in the following the experimental octet baryon masses are always included in
the fit unless otherwise stated. This way, the fitted values of LECs are better constrained.

For the sake of comparison, we have fitted lattice data using the NLO and NNLO EOMS-
BChPT. It should be noted that since at NLO, ChPT does not generate any FVCs, we have
shifted LQCD data by subtracting FVCs calculated by N3LO EOMS-BChPT with the LECs
determined from the corresponding best fit. The values of the LECs by, bp, br, and myq are tab-
ulated in Table 5.1. An order-by-order improvement is clearly seen, with decreasing x2/d.o.f.
at each increasing order. Apparently, only using the O(p®) chiral expansion, we cannot give a
good description of the lattice data from the five collaborations. The corresponding x2/d.o.f.
is about 8.6. On the other hand, in the N3LO fit of lattice data and experimental octet baryon
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Table 5.2: Finite-volume corrections (in units of MeV) to lattice octet baryon masses in co-
variant BChPT up to N3LO.

M7r 5mN 5mA (sz (5?715 MFL MKL MnL

PACS-CS 296 7 2 5 2 4.3 8.7 9.8
384 3 1 2 1 9.7 8.6 9.3

411 2 0 1 1 6.0 9.3 10.2

LHPC 356 11 6 7 ) 4.5 7.6 8.4
495 2 1 1 1 7.5 8.6 9.0

HSC 383 3 2 2 1 5.7 8.1 8.8
449 29 26 21 21 4.5 5.8 6.2

QCDSF-UKQCD 320 16 13 12 11 4.1 5.8 6.2
NPLQCD 388 10 7 6 6 4.8 6.8 7.3
388 3 1 2 1 5.8 8.1 9.8

388 0 0 0 9 7.7 10.8 11.7

masses, x2/d.o.f. = 1.0. In addition, the values of the fitted LECs all look very natural. ! It
should be noted that the baryon mass in the chiral limit, mg = 880 MeV, seems to be consistent
with the SU(2)-BChPT value [81, 218|.

Finally, it is important to point out that including the FVCs is important to understand
the LQCD results in ChPT at N3LO. In Table 5.2, we tabulate the values of FVCs calculated
in N3LO BChPT for each lattice ensemble in our fit. We can see that, in the SU(3) sector,
FVCs are sizable even MyL > 4. Without FVCs taken into account, the best fit to lattice data
yields x?/d.o.f. ~ 1.9.

In Fig. 5.1, setting the strange-quark mass to its physical value, we plot the light-quark
mass evolution of N, A, ¥ and = as functions of M2 using the LECs from Table 5.1. We can
see that the NNLO fitting results are more curved and do not describe well lattice data. On
the contrary the N3LO fit can give both a good description of lattice data and experimental
results. The rather linear dependence of the lattice data on M? at large light quark masses,
which are exhibited both by the lattice data [25] and reported by other groups, is clearly seen.

5.2 Virtual decuplet contributions

In this section, we perform a systematic study of virtual decuplet effects on the chiral extrap-
olation of octet baryon masses and the corresponding finite-volume corrections of lattice by
explicitly including their contributions and comparing the fitting results with the octet-only
ones.

Light-quark mass dependence of the octet baryon masses

Up to N3LO, there are 19 unknown LECs (mo, bo, bp, br, bi_s, and di_5 7, ) in the octet-
only EOMS BChPT [Eq. (4.20)]. To take into account the contributions of the decuplet

'We have checked that removing from lattice data the two lattice points of LHPC and HSC with M, > 400
MeV and Mk > 580 MeV does not change qualitatively our results.
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Figure 5.1: The lowest-lying baryon octet masses as functions of the pion mass. The dot-
dashed lines and the dotted lines are the best NLO and NNLO fits to lattice data. The
bands correspond to the best N3LO fits to lattice results. In obtaining the ChPT results,
the strangeness quark mass has been fixed at its physical value. The lattice data points are
obtained from the original ones by setting the strange quark mass at its physical value.

baryons, one has to introduce four more LECs, mp, to, tp and C |[Eq. (4.33)]. The ¢BD
coupling constant C can be fixed to the SU(3)-average value among the different decuplet-to-
octet pionic decay channels, i.e., C = 0.85 [119] 2. A moderate variation of C has no significant
effects on our final results. The LECs tg, tp, and mp can be fixed by fitting the NLO decuplet
mass formula Mp = mp — m(DQ) to the physical decuplet baryon masses. Because tg and mp
cannot be disentangled at the physical point, one only obtains a combination of mp and tg
with m$¥ = mp — to(2M% + M2) = 1.215 GeV and tp = —0.326 GeV~L. In the following,
the octet-decuplet mass splitting § = mp — myg is fixed to be 0.231 GeV — the average mass
gap between the octet and decuplet baryons. Therefore, one can fix the four LECs in the
following way: mp = mg + 0.231 GeV, ty = (mg — 0.984)/0.507 GeV~!, tp = —0.326 GeV~!
and C = 0.85. As a result, the same 19 LECs as those in the octet-only BChPT need to be
determined. The other fixed coupling constants are the same as previous section: the meson

*In Refs. [56, 118] the value of C is fixed from the A(1232) — N decay rate, which yields C = 1.0. But in
our previous study of the NPLQCD data, this coupling turned out to be somewhat smaller [57].
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decay constant Fy, = 0.0871 GeV, the baryon axial coupling constants D = 0.8, F' = 0.46 and
the renormalization scale yn =1 GeV.

We utilize the formulas of Eq. (4.32) to fit the lattice octet baryon masses and the ex-
perimental values [161]. The LQCD data to be studied are taken from the PACS-CS [23],
LHPC [25], HSC [26], QCDSF-UKQCD [28] and NPLQCD [29] data satisfying M, < 500 MeV
and MygL > 4, the same data set as previous section. The so-obtained values of the LECs
from the best fit and the corresponding x?/d.o.f. are tabulated in Table 5.1. For x?/d.o.f.,
from the comparison with the octet-only best fit results, one can conclude that the inclusion of
virtual decuplet baryons does not change the description of LQCD data. On the other hand,
the values of LECs have changed a lot, as can be clearly seen from Table 5.1 2. This confirms
the assumption that using only octet baryon mass data, one cannot disentangle virtual decu-
plet contributions from those of virtual octet baryons and tree-level diagrams [64|. In other
words, for the static properties of octet baryons, most contributions of the virtual decuplet are
hidden in the relevant LECs, as one naively expects. Below, we will see that their inclusion,
however, does improve the description of the volume-dependence of LQCD data, as also noted
in Ref. [57].

In Fig. 5.2, setting the strange-quark mass to its physical value, we show the pion mass
dependence of octet baryon masses in the N3LO EOMS BChPT with and without virtual
decuplet baryon contributions. It is clear that the two N3LO fits give the same description of
lattice data, as can be inferred from the same x2/d.o.f. shown in Table 5.3.

Finite-volume corrections to the octet baryon masses

In Ref. [57], we have studied the FVCs to lowest-lying octet baryon masses using the EOMS
BChPT up to NNLO, and found that finite-volume effects are very important and cannot be
neglected. Therefore, in this work FVCs are self-consistently included in Eq. (4.32) to analyze
the lattice data. The NPLQCD [29] simulation is performed with the same pion mass of
M, ~ 390 MeV and at four different lattice sizes L ~ 2.0, 2.5, 3.0 and 3.9 fm. Therefore, it
provides a good opportunity to study FVCs to the octet-baryon masses.

In Fig. 5.3, we contrast the NPLQCD data with the NLO EOMS BChPT using the LECs
from Table 5.1. As stated in Ref. [64], three sets of the NPLQCD data with MyL > 4 are
included in lattice data and denoted by solid points in Fig. 5.3. Another set with ML = 3.86
(hollow points) is not included. Both the octet-only and the octet plus decuplet (O+D) BChPT
can give a reasonable description of the FVCs. In the e™™%/(m,L) < 0.2 region, these two
fits give essentially the same results. With the increase of e™™=L/(m, L) (the decrease of lattice
size L), the O+D BChPT results are in better agreement the NPLQCD data, especially for the
nucleon mass. It seems that the virtual decuplet baryons can help to improve the description
of the FVCs, although the BChPT results are still a bit larger than the LQCD data at small
MyL. It is also indicated that including MyL = 3.86 could give a better description of
FVCs. Therefore, in the following, we would like to slightly loose the constraint of MyL with
MyL > 3.8.

3The same phenomenon has been observed in the studies of octet baryon magnetic moments [118] and octet
baryon masses up to NNLO [119].
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5.3 Continuum extrapolation of lattice data

In this section, we employ the octet baryon masses obtained in Wilson covariant BChPT up
to N3LO [Eq. (4.75)] to estimate discretization effects of the current LQCD simulations by
performing a simultaneous fit of the latest ny = 2 41 LQCD data, which are obtained with
the O(a)-improved Wilson action.

At present, most LQCD simulations employ a single lattice spacing a and take discretization
effects as systematic uncertainties. A similar strategy has been adopted by theoretical studies.
On the other hand, one may combine the LQCD simulations from different collaborations and
perform a quantitative study of the discretization effects. Among the latest LQCD simulations,
several collaborations employed the O(a)-improved or ‘clover’ Wilson action, e.g. PACS-CS
(with @ = 0.0907(14) fm and csw = 1.715), QCDSF-UKQCD (with a = 0.0795(3) fm and
csw = 2.65), HSC and NPLQCD (with as = 0.1227(8) fm, a; = 0.03506(23) fm, gy = 2.6,
and cky = 1.8) collaborations. These simulations are performed at three different values of
lattice spacing a and with different light-quark masses and, therefore, in principle allow for a
quantitative study of the discretization effects on the octet baryon masses.
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Figure 5.2: Pion mass dependence of the LQCD data in comparison with the best fits of the
EOMS BChPT up to N3LO with (solid lines) and without (dashed lines) the virtual decuplet
contributions. The lattice data have been extrapolated to the physical strange-quark mass and

infinite space-time.
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Figure 5.3: Lattice volume dependence of the NPLQCD data in comparison with the EOMS
BChPT up to N3LO with (solid lines) and without (dashed lines) the virtual decuplet contri-
butions. The full black points with MyL > 4 are included in the fit data sets, while the hollow
point with MyL = 3.86 are not.

It should be noted that both the HSC [26] and the NPLQCD [29] simulations employed the
anisotropic clover fermion action [219]. In this action, the temporal lattice spacing is chosen
to be much smaller than the spatial lattice spacing. The EFT for such a LQCD setup has
been worked out in Ref. [94]. It is in principle more appropriate for the study of lattice data
of HSC and NPLQCD collaborations. On the other hand, this EFT contains more LECs to
discriminate the temporal and spatial lattice spacing effects. As we will see, present limited
LQCD data do not allow us to perform such a study. Therefore, in our study we assume that
these simulations are performed with a single lattice spacing, as, and we treat the difference
between as and a; as higher-order effects.

As in Refs. |65, 66|, we focus on LQCD data from the above four collaborations with
M, < 500 MeV and MyL > 3.8 to ensure the applicability of SU(3) covariant BChPT. In
total, there are 12 sets of LQCD data from the PACS-CS (3 sets), QCDSF-UKQCD (2 sets),
HSC (3 sets), and NPLQCD (4 sets). In order to better ascertain the values of LECs, the
experimental octet baryon masses are also included in the fits.

In the O(a)-improved Wilson action, the Pauli term a£®) is eliminated. As a result,
discretization effects originate only from the O(amg,) and O(a?) terms. Therefore, only the
fourth-order tree-level diagrams contribute, while the leading order tree-level diagram and the
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Table 5.3: Values of the LECs from the best fit to the LQCD data and the experimental data
at O(p*) with and without discretization effects.

BChPT WBChPT BChPT WBChPT
mo [MeV] 910(20) 915(20) || dy [GeV T3] 0.0295(124)  —0.0196(121)
bo [GeV 1] —0.579(56)  —0.557(50) || d2 [GeV~3] 0.342(65) 0.230(58)
bp [GeV~1] 0.211(56) 0.201(48) || ds [GeV 3] —0.0314(63) —0.0557(56)
br [GeV™] —0.434(43)  —0.359(41) || d4 [GeV?] 0.372(114) 0.304(1008)
by [GeVT] 0.730(10) 0.810(8) || ds [GeV~3] —0.401(110) —0.237(88)
by [GeV1] —1.21(18)  —0.819(26) || d7 [GeV 73] —0.0913(58) —0.104(48)
by [GeV1] —0.340(153)  —0.357(12) || ds [GeV 73] —0.132(79) —0.0417(67)
by [GeV~Y] —0.776(16)  —0.780(15) By [GeV—3|x1072 - —0.121(103)
bs [GeV 2] —1.15(287) —1.34(23) By [GeV~3|x1072 - —0.467(109)
bs [GeV 2] 0.778(390) 0.889(199) Bj [GeV~3|x1072 - 0.344(267)
by [GeV 2| 0.899(26) 0.787(14) || X [GeV~—3|x10~* - 0.606(5723)
bs [GeV 2] 0.627(37) 0.817(28)

X2 30.0 28.0 || x?/d.o.f. 0.91 0.97

tadpole/one-loop diagrams do not contribute. In the end, the discretization effects refer to the
Eq. (4.78) and Eq. (4.79),

am, a2
@ — pQ6ma) | 0
= —8acgwWo (§M2 + &(2Mf — M?2)) — 16a*cdw Wi X, (5.1)

only contain 4 new independent combinations of LECs, i.e., By, B, Bs, and X. Together
with the 19 unknown LECs appearing in the octet baryon masses in the continuum, there are
in total 23 free LECs that need to be fixed 4. The other parameters are fixed as the same as
before: Fyy = 0.0871 GeV, D = 0.8, F' = 0.46, and p = 1 GeV.

In order to study the discretization effects on the octet baryon masses, we perform two fits.
First, we use the continuum octet baryon mass formulas to fit the LQCD and experimental
data. Second, the mass formulas of Eq. (4.75) with discretization effects taken into account
are employed to fit the same data. In both fits, the finite-volume corrections to the LQCD
simulations are always taken into account self-consistently [64]. The LECs, together with the
x?/d.o.f., obtained from the two best fits are tabulated in Table 5.3. It is clear that the 19
LECs remain similar whether or not discretization effects are taken into account. The total
x? changes from 30 for the first fit to 28 for the second fit, indicating that the data can be
described slightly better. On the other hand, the x?/d.o.f. slightly increases from 0.91 to 0.97,
implying that discretization effects do not play an important role in describing the present
LQCD data.® This justifies their treatment as systematic uncertainties without being taken
into account explicitly in the fitting, as done in most previous theoretical and LQCD studies.
It should be noted that the one-sigma uncertainties of the LECs By, By, B3, and, particularly,
X are rather large. This shows clearly the need to perform LQCD simulations at multiple
lattice spacings in order to pin down more precisely discretization effects, which has long been

“In our fits, we set Wy at 1 GeV3. Later a more proper value will be used to check the naturalness of the
resulting LECs, By, Bs, Bs, and X.

This is in contrast with the finite-volume effects. In Ref. [64], it is shown that a self-consistent treatment
of finite-volume effects is essential to obtain a x*/d.o.f. about 1.



5.3. Continuum extrapolation of lattice data 65

Table 5.4: Extrapolated octet baryon masses (in units of MeV) to physical point with the LECs
determined by fitting to LQCD data alone.

BChPT WBChPT Exp. [161]
x2%/d.o.f. 0.89 1.0 —
my 889(21) 865(39) 940(2)
ma 1113(17) 1087(41) 1116(1)
ms 1163(19) 1139(42) 1193(5)
mz 1333(16) 1309(41) 1318(4)

recognized [220)].

In the above fits we have included the experimental data to better constrain the large
number of LECs appearing at N®LO. We can of course drop the experimental data, redo the
fit, and calculate the octet baryon masses at the physical point. Such a procedure should
be taken with caution, however, for the following reasons. First, we have a large number of
unknown LECs (about 20). Second, the lightest LQCD data point has a M, about 300 MeV,
and it is still a bit away from the physical point. Third, all the x?/d.o.f. are close to 1. These
factors can make the extrapolations unstable with respect to moderate changes of the LECs. In
Table 5.4, we tabulate the extrapolated octet baryon masses with two sets of LECs, determined
from the fits in which finite lattice spacing effects are either taken into account or neglected. It
is clear that the extrapolated masses agree within uncertainties, and so do the corresponding
LECs (not shown). Nevertheless, the extrapolated nucleon mass still deviates about 60-80 MeV
from its physical value, calling for LQCD simulations with smaller light-quark masses (than
studied in the present work).

In Fig. 5.4, we show the evolution of discretization effects as a function of the lattice spacing
for three different pion masses with the relevant LECs determined from the second fit. It is
seen that the discretization effects increase almost linearly with increasing lattice spacing a for
fixed pion mass. For fixed a, they increase with increasing pion mass as well. Furthermore,
essentially no curvature is observed. It is clear that in our present work the O(am,) terms
dominate over the O(a?) terms ©. It should be stressed that the LEC X is consistent with zero
and a fit without the O(a?) contributions would have yielded very similar results as shown in
Table 5.3 and Fig. 5.4. For a lattice spacing up to a = 0.15 fm, the finite lattice spacing effects
on the baryon masses are less than 2%, consistent with the LQCD study of Ref. [221].

The above results can be naively understood in the following way. Recall that mq/Aqcp ~
aAqcp in our power-counting scheme. If we take mys = 100 MeV, Aqcp = 300 MeV, and
a = 0.1 fm, we obtain mq/Aqcp =~ 0.3 and aAqcp ~ 0.15. If we further assume that all
the LECs are of natural size, i.e., ~ 1, we then expect O(mg) : O(amy) : O@a?) =4:2:1.
Remember that the quark masses are larger than their physical values while the lattice spacing
is fixed to be around 0.1 fm in the LQCD simulations, our actual numerical results seem to
support this naive argument. Furthermore, we would like to point out that the a-dependent
LECs Bi, Bs, Bz, and X are of natural size. The values in Table 5.3 appear to be small

In Ref. [207], Alvarez-Ruso et al. performed a phenomenological study of the continuum extrapolation of
the LQCD simulations of the nucleon mass by considering only O(a?) terms, and they showed that finite-volume
corrections and finite lattice spacing effects are of similar size. In our present work we find that they are indeed
of similar size, but the O(am,) contributions are larger than the O(a?) ones.
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Figure 5.4: (color online). Finite lattice spacing effects on the octet baryon masses, Rp =
mg)/mB, as functions of lattice spacing a for M, = 300,400, and 500 MeV, respectively. The
SW coefficient is set at cgw = 1.715, the value of the PACS-CS Collaboration. The strange
quark mass is fixed at its physical value dictated by the leading order ChPT.

because we have set the dimensional quantity Wy to be 1 GeV3. Its more ‘proper’ value
can be estimated by noting the following relations Wya ~ Bgm, and M2 2Bymy (in the
leading-order ChPT), which yields Wy ~ 0.02 GeV3. With this value, the LECs turn out to be
B = —0.0605 GeV ™3, By = —0.234 GeV 3, B3 = 0.172 GeV 2, and X = 0.152 GeV~3, which
are of natural size as expected.



CHAPTER 6

Octet baryon sigma terms

In Chapter 4, we have obtained the chiral expansion of octet baryon masses. As an applica-
tion, we would like to utilize the Feynman-Hellmann theorem to predict the octet baryon sigma
terms by analyzing the high-statistics ny = 2 + 1 lattice QCD data. In order to perform an
accurate prediction of sigma terms, several key factors are systematically taken into account
and clarified for the first time, including the effects of lattice scale setting, systematic un-
certainties originating from chiral expansion truncations, and constraint of strong-interaction
isospin breaking effects.

6.1 Introduction

Understanding the sea-quark structure of nucleon has long been a central topic in nuclear
physics [222]. Of particular interest are the contributions of the ss component since nucleon
contains no valence strange quarks, e.g., the strangeness contribution to proton spin [223]
and to electric and magnetic form factors [224]. In this context, the strangeness-nucleon sigma
term, o5y = ms(N|ss|N), plays an important role as it relates to the scalar strangeness content
of nucleon, the composition of nucleon mass, KN scatterings, counting rates in Higgs boson
searches [225], and the precise measurement of the Standard Model parameters in pp collisions
at LHC [226]. Furthermore, the uncertainty in o,y is the principal source in predicting the
cross section of certain candidate dark matter particles interacting with nucleons [227].

Although the pion-nucleon sigma term o,x = m;{N|tu + dd|N) can be determined from
pion-nucleon scattering [228, 229], historically the strangeness-nucleon sigma term has been de-
termined indirectly via the nonsinglet matrix element oo = m; (N |tau+dd—25s|N), which yields
a value ranging from 0 to 300 MeV [119]. In principle, LQCD provides a model independent
way in the determination of baryon sigma terms by either computing three-point [230-237]
or two-point correlation functions (the so-called spectrum method) [58, 64, 200, 235, 238-242].
Although tremendous efforts have been made in this endeavor, due to the many systematic
and statistical uncertainties inherent in these studies, no consensus has been reached on the
value of the scalar strangeness content of nucleon.

The most important sources of systematic uncertainties originate from the so-called chiral
extrapolations. In the u, d, and s flavor sector, a proper formulation of baryon chiral pertur-
bation theory that satisfies all symmetry and analyticity constraints is known to be essential
to properly describe the nonperturbative regime of QCD. In this sense, the extended-on-mass-
shell formulation |71] has shown a number of both formal and practical advantages, whose
applications have solved a number of long-existing puzzles in the one-baryon sector [199]. Its
applications in the studies of the LQCD octet baryon masses turn out to be very successful
as well [64-66]. Furthermore, as demonstrated recently, mass dependent and mass indepen-
dent lattice scale setting methods can result in a ogy different by a factor of three [240, 243|.
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Therefore, it casts doubts on the determination of o4 from a single data set with a particular
scale setting method. To say the least, systematic uncertainties might be well underestimated.

In this chapter, utilizing the latest and high-statistics ny = 2 + 1 LQCD simulations
of the octet baryon masses from the PACS-CS [23], LHPC 25|, and QCDSF-UKQCD [2§]
collaborations and the Feynman-Hellmann theorem, paying special attention to the lattice
scale setting, we report a determination of the baryon sigma terms, particularly the strangeness-
nucleon sigma term, in covariant BChPT up to N3LO.

The Feynman-Hellmann theorem [244] dictates that in the isospin limit the baryon sigma
terms can be calculated from the quark mass dependence of the octet baryon masses, mp, in
the following way:

org = my{Bluu+ dd|B) =my ({;nﬂz]lg, (6.1)
om
o5 = my(B|5s|B) =my 8m]j (6.2)

The chiral expansion of octet baryon masses up to N3LO, mp, is already given in Eq. (4.20)
of Chapter 4. The virtual decuplet contributions are not explicitly included, since their effects
on the chiral extrapolation and FVCs are shown to be relatively small [65]. For convenience in
the following discussion, we would like to mention that there are 19 unknown LECs: my, bg,
bp, br, bi_s, di—578 to be determined by fitting the LQCD data 64|, and the others are fixed
at the following values: D = 0.8, F' = 0.46 [245|, Fy = 0.0871 GeV [217], and =1 GeV.

6.2 Three key factors for accurate determination

In order to obtain an accurate determination of baryon sigma terms, a careful examination of
LQCD data is essential, since not all of them are of the same quality though they are largely
consistent with each other as shown in Refs. [64, 201]|. For instance, the statistics of the HSC
simulations needs to be improved [26] while the NPLQCD simulations are performed at one
single combination of light-quark and strange-quark masses [29], which offers little constraint
on the quark mass dependence of baryon masses. The BMW simulations [22], though of high
quality, are not publicly available. This leaves the PACS-CS [23|, LHPC [25], and QCDSF-
UKQCD [28] data for our study. It is important to note that most LQCD simulations fix the
strange-quark mass close to its physical value and vary the light-quark masses. As a result,
they are suitable to study the light-quark mass dependence but not the strange-quark mass
dependence. In this respect, the QCDSF-UKQCD simulations are of particular importance
because they provide a dependence of baryon masses on the strange-quark mass in a region
not accessible in other simulations. In order to stay within the application region of BChPT, we
only choose LQCD data satisfying the following two criteria: M, < 500 MeV ! and ML > 3.8,
as in Refs. [65, 67]. It should be noted that the later criterium is relaxed for the QCDSF-
UKQCD data (the smallest MyL taken into account is 2.932) since their FVCs are small
because of the use of ratio method [28].

'We have checked that reducing the cut on M, down to M, = 400 MeV or M, = 360 MeV has little effect
on our numerical results, but since our x?/d.o.f. (see Table 6.1) is already about 1, there is no need to further
decrease the cut on M.
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Table 6.1: Values of the LECs from the best fits to LQCD and experimental octet baryon
masses up to N>LO. The lattice scale in each simulation is determined using both the mass
independent scale setting (MIS) and the MDS methods. In the MIS, both the original lattice
spacings determined by the LQCD collaborations themselves “a fixed” and the self-consistently
determined lattice spacings “a free” are used (see text for details).

MIS MDS
a fixed a free

mo [MeV] 884(11) 877(10) 887(10)
bo [GeV1] —0.998(2) —0.967(6) —0.911(10)
bp [GeVT] 0.179(5) 0.188(7) 0.039(15)
br [GeV™!] —0.390(17) —0.367(21) —0.343(37)
by [GeVT] 0.351(9) 0.348(4) —0.070(23)
by [GeV Y] 0.582(55) 0.486(11) 0.567(75)
by [GeV™!] —0.827(107) —0.699(169) —0.553(214)
by [GeV™!] —0.732(27) —0.966(8) —1.30(4)
bs [GeV 2] —0.476(30) —0.347(17) —0.513(89)
be [GeV 2] 0.165(158) 0.166(173) —0.0397(1574)
by [GeV 2| —1.10(11) —0.915(26) —1.27(8)
bs [GeV 2] —1.84(4) —1.13(7) 0.192(30)
dy [GeV ™3] 0.0327(79) 0.0314(72) 0.0623(116)
dy [GeV 3] 0.313(26) 0.269(42) 0.325(54)
ds [GeV~3] —0.0346(87) —0.0199(81) —0.0879(136)
dy [GeV ™3] 0.271(30) 0.230(24) 0.365(23)
ds [GeVT3| —0.350(28) —0.302(50) —0.326(66)
d7 [GeVT3| —0.435(10) —0.352(8) —0.322(7)
dg [GeV™3] —0.566(24) —0.456(30) —0.459(33)
x2/d.o.f. 0.87 0.88 0.53

A second issue relates to the scale setting of LQCD simulations as mentioned in Chapter 2.
For the spectrum determination of baryon sigma terms, it was pointed out in Ref. [240, 243|
that using the Sommer scale 7o [152] to fix the lattice spacing of the PACS-CS data can change
the prediction of the strangeness-nucleon sigma term by a factor of two to three in the FRR
BChPT up to NNLO. However, in our following studies, we found that the scale setting effects
on sigma terms are small. It was claimed that using Sommer scale r; for the purpose of lattice
scale setting is preferred in the LHPC simulations [246] as well. As a result, it is necessary to
understand how different scale setting methods for the same simulations affect the prediction
of the baryon sigma terms. Unfortunately, such a systematic study is still missing. In addition,
instead of relying on the scale determined by the LQCD collaborations themselves, one can
fix the lattice scale self-consistently in the BChPT study of the LQCD dimensionless data, as
recently done in Ref. [201]. In the present work, all the three alternative ways of lattice scale
setting will be studied and their effects on the predicted sigma terms examined and quantified.

At N3LO, the large number of unknown LECs should be better constrained in order to
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give a reliable prediction of the baryon sigma terms. In this work, we employ the latest LQCD
results on the strong isospin-splitting effects on octet baryon masses to further constrain the
LECs. The following values are used: émy = —2.50(50) MeV, dmy = —7.67(79)(105) MeV and
dmz = —5.87(76)(43) MeV at the physical point. The dmy is chosen such as to cover all the
recent results [247, 248|, while the dmy, and dmz are taken from Ref. [248]. It should be pointed
out that no new unknown LECs need to be introduced to calculate isospin-breaking corrections
up to the order at which we work. For more details about the strong isospin-splitting effects
on octet baryon masses, please refer to Appendix D.

6.3 Predicted baryon sigma terms

In the mass formulas of octet baryon, the LQCD and experimental meson masses are described
by NLO ChPT [34] with the LECs of Ref. [249]. FVCs [250] are taken into account but found
to play a negligible role. In Table 6.1, we tabulate the values of LECs and the corresponding
x?%/d.o.f. from three best fits to lattice and experimental octet baryon masses. In the first fit,
we use the lattice spacings a determined by LQCD collaborations themselves to obtain the
hadron masses in physical units as done in Ref. [64]. In the second fit, we determine the lattice
spacings a self-consistently. Interestingly, we find that the so-determined lattice spacings a
are close to the ones determined by LQCD collaborations themselves. Specifically, the PACS-
CS deviation is 2.5%, the LHPC deviation is 4.1%, and the QCDSF-UKQCD deviation is
2.1%. The corresponding x2/d.o.f. also look similar. While in the third fit, we adopt the
so-called mass dependent scale setting (MDS), either from ry for the PACS-CS data with
ro(phys.) = 0.465(12) fm [251], 71 for the LHPC data with 7 (phys.) = 0.31174(20) fm [242] 2,

or Xp = \/(Mg +2M%)/3 for the QCDSF-UKQCD data with X (phys.) = 0.4109 GeV [28)].
The third fit yields a smaller x2?/d.o.f. and different LECs compared to the other two fits.
In Fig. 6.1, we show octet baryon masses as functions of M2 and 2M 37 — M2 using the LECs

from Table 6.1 with the physical light- (right panel) and strange-quark (left panel) masses. In

Table 6.2: Predicted pion- and strangeness-sigma terms of the octet baryons (in units of MeV)
by the N®LO BChPT with the LECs of Table 6.1.

MIS MDS
a fixed a free

OxN 55(1)(4) 54(1) 51(2)
TrA 32(1)(2) 32(1) 30(2)
Ony 34(1)(3) 33(1) 37(2)
Oz 16(1)(2) 18(2) 15(3)
OsN 27(27)(4) 23(19) 26(21)
Tsn 185(24)(17) 192(15) 168(14)
Oox 210(26)(42) 216(16) 252(15)
Os= 333(25)(13) 346(15) 340(13)

2Technically, this scale setting should be classified as a mass independent scale setting. Here, we slightly
misuse the terminology to distinguish it from the one used in the LHPC original publication [25].
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Table 6.3: The strangeness content and the “dimensionless sigma terms” of the octet baryons
at the physical point. The first error is statistical and the second one is systematic, estimated
by taking half the difference between the N3LO result and the NNLO result.

YB fﬂ‘B fsB
N 0.041(41)(7) 0.059(1)(0) 0.029(29)(4)
A 0.48(6)(5) 0.029(0)(1) 0.166(22)(15)
2 0.51(7)(11) 0.028(0)(3) 0.176(22)(35)
= 1.73(17)(23) 0.012(0)(2) 0.253(19)(10)

order to cross-check the validity of our N3LO BChPT fit, the BMW collaboration data [238]
are shown as well. It is clear that our three fits yield similar results and are all consistent with
the high-quality BMW data, which are not included in our fits.

Using the best fit LECs, we predict the sigma terms of the octet baryons and tabulate
the results in Table 6.2. Our predictions given by LECs of Table 6.1 are consistent with each
other within uncertainties, and the scale setting effects on the sigma terms seem to be small.
Therefore, we take the central values from the fit to the mass independent a fixed LQCD
simulations as our final results, and treat the difference between three lattice scale settings
as systematic uncertainties, which are given in the second parenthesis of the second column
of Table 6.2. It is clear that for o,y, uncertainties due to scale setting are dominant, while
for osn statistics errors are much larger, calling for improved LQCD simulations. It should
be noted that we have studied the effects of virtual decuplet baryons and variation of the
LECs D, F, Fy, and found that the induced uncertainties are negligible compared to those
shown in Table 6.2. We want to mention that, as shown in Ref. [67], continuum extrapolations
have no visible effects on the predicted sigma terms. Furthermore, there are also other related
quantities, which often appear in the literature, including the strangeness content (yp) and
the so-called “dimensionless sigma terms” (frp5, fsB):

2(Blss|B)  my 2055

= — 7 = 6.3
B (Blau+ dd|B)  ms orp (63)
ml<B\fLu+Jd|B> OrB
T = = s 6.4
s s on (6.4
_ mg(B|5s|B)  o.p
fp = TEEEL %D, (65)

are also calculated and tabulated in Table 6.3.

The pion-nucleon sigma term, o,y = 55(1)(4) MeV, is in reasonable agreement with the
latest 7N scattering study, o.n = 59(7) MeV [229], and also the systematic study of ny = 241
LQCD simulations on the nucleon mass, o,n = 52(3)(8) MeV [207], but larger than that of
Ref. [201], oxn = 39'_? MeV. Our predicted oy is compared with those of earlier studies in
Fig. 6.2, classified into three groups according to the methods by which they are determined.
The first group is the results reported by the ny = 2 +1 LQCD simulations, while the second
and third groups are predicted by the NNLO and N3LO BChPT, respectively. Our results are
consistent with the latest LQCD determinations and those of NNLO BChPT studies. However,
the prediction of the only other N3LO study in the partial summation approach [201] is not
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Figure 6.1: Octet baryon masses as a function of M2 and 2M37 — M2 vs the BMW LQCD data
(data points are taken from Fig. [2| of Ref. [238]). The solid, dashed, and dot-dashed lines are
obtained with the LECs from the three fits of Table 6.1. On the left and right panels, the
strange-quark mass and the light-quark mass are fixed at their respective physical values.

consistent with our result and most LQCD results. It should be noted that, in last two
months, the BMW and xQCD collaborations have updated their nucleon sigma terms. More
surprisingly, the latest nucleon strangeness sigma term from the BMW Collaboration changes
from o5y = 34(15)(25) [238] to osny = 105(41)(37) MeV [252], while the yQCD result only
changes a little bit (osy = 32.3(4.7)(4.9) MeV [253]). Therefore, one has to put more efforts
to clarify this large distinction of o4y .

A note of caution is in order. Clearly, using the spectrum method to determine baryon sigma
terms depends critically on the details of LQCD simulations. Lattice scale setting is just one of
the sources for potentially large systematic errors. We have studied three common alternative
strategies and found that the resulting predictions remain almost the same. Nevertheless, our
studies do not exclude the possibility that predictions can change in more rare scenarios. In
addition, other LQCD artifacts (such as lattice spacing discretization effects) not addressed
in the present work that affect little the baryon masses may have an impact on the predicted
baryon sigma terms, which is, however, beyond the scope of present work.

Given the fact that BChPT plays an important role in predicting baryon sigma terms, it is
of particular importance to assess the uncertainties of truncating chiral expansions. It becomes
even more important in the u, d, and s three-flavor sector, where convergence is governed by
the relative large ratio of mg /Acwpr ~ 0.5. Previous studies either stayed at NNLO or N3LO
and, therefore, were unable to perform such an analysis except those of Refs. [64, 65|, which,
however, focused on a global study of baryon masses and did not include all the QCDSF-
UKQCD data that provide further constraints on the strange-quark mass dependence of the
octet baryon masses.

To understand quantitatively the convergence issue, we have studied at NNLO the octet
baryon masses of the PACS-CS, LHPC and QCDSF-UKQCD data obtained with the lattice
spacings a given by the LQCD collaborations themselves. We have allowed the LEC Fy to
vary to get an estimation of the induced variation. All the obtained x?/d.o.f. is larger than 1,
indicating that higher-order chiral contributions need to be taken into account. In addition,
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Figure 6.2: Strangeness-nucleon sigma term determined from different studies. The purple
and pink bands are our NNLO and N3LO results, respectively. Data points are taken from the
following references: BMW [238|, QCDSF-UKQCD |[239], MILC(2013) [254], JLQCD |[235],
Engelhardt [234], Junnarkar & Walker-Loud [242], xQCD [236], Martin-Camalich et al. [56],
Shanahan et al. [240], Lutz et al. [201].

we have employed the FRR method, which is known to converge relatively faster, to study the
same data and found no qualitative difference with the EOMS approach. We noted that if
one allows the Fy to deviate from the chiral limit value to take into account SU(3) breaking
effects, the so-obtained Fj is close to its SU(3) average 1.17f; with fr = 92.1 MeV [161].
The predicted strangeness-nucleon sigma term is shown in Fig. 6.2. It is clear that the NNLO
result has a much smaller uncertainty compared to the N3LO one mainly because LECs are
over constrained by LQCD simulations. It should be mentioned that in the Feynman-Hellmann
method the large m, multiplying the derivative enhances the uncertainty in the determination
of strangeness-baryon sigma term, which seems to dominate the uncertainty and therefore puts
an upper limit in the precision one can achieve.

To summarize, we have determined the octet baryon sigma terms using covariant baryon
chiral perturbation theory up to next-to-next-to-next-to-leading order. We found o,y =
55(1)(4) MeV and osn = 27(27)(4) MeV. Special attention was paid to uncertainties induced by
the lattice scale setting method, which, however, were found to be small, in contrast with pre-
vious studies. Other uncertainties, such as those induced by truncating chiral expansions and
variations of LECs were also studied in detail. In addition, we have used the strong-interaction
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isospin-splitting effects from the LQCD simulations to further constrain the relevant LECs. Our
results indicate a small scalar strangeness content in nucleon, consistent with the strangeness
contribution to proton spin and to the electromagnetic form factors of nucleon.



CHAPTER 7

Decuplet baryon masses in ChPT

As a natural extension, in this chapter, we present an analysis of lowest-lying decuplet baryon
masses in covariant baryon chiral perturbation theory with the extended-on-mass-shell scheme
up to next-to-next-to-next-to-leading order. In order to determine the unknown low-energy
constants, we perform a simultaneous fit of ny = 2+1 lattice data from the PACS-CS, QCDSF-
UKQCD, and HSC collaborations, self-consistently including finite-volume corrections. We
also tentatively explore the convergence of the SU(3) BChPT. In addition, the pion- and
strangeness-sigma terms of decuplet baryons are predicted using the Feynman-Hellmann the-

orem.

7.1 Introduction

In the past few years several studies of lowest-lying baryon decuplet masses have been per-
formed on the lattice [22-29]. Just like the baryon octet case, under the limitation of computing
resources, decuplet baryon masses from LQCD should be extrapolated to the physical point
with the help of chiral perturbation theory. At present, the ground-state octet baryon masses
have been studied rather extensively in baryon chiral perturbation theory up to N3LO [56-
58, 61-65, 200]. In contrast, there are only a few studies of ny = 2 +1 LQCD decuplet
baryon masses [25, 61, 63, 76, 200], despite many studies limited either to the SU(2) sector
or to the quenched LQCD data [47, 49, 56, 60, 76, 106, 255-266]. In Refs. [25, 76|, it was
shown that HB ChPT at NNLO cannot describe the LHPC and PACS-CS decuplet baryon
masses. In Ref. [56], the PACS-CS and LHPC decuplet baryon data were also studied by using
EOMS BChPT up to NNLO and a reasonable description of the LQCD data was achieved,
contrary to the HBChPT studies of Refs. [25, 76]. In Refs. [61], Semeke and Lutz studied the
BMW [22] lattice data for octet and decuplet baryon masses up to N3LO in BChPT with the
partial summation scheme. It was shown that the light-quark mass dependence of decuplet
baryon masses can be well described. However, FVCs to lattice data are not taken into account
self-consistently. Whereas, in our previous studies [57, 64, 65|, it has been shown that FVCs
need to be taken into account self-consistently in order to achieve a x?/d.o.f about 1 in the
description of current ny = 2 + 1 LQCD octet baryon masses.

Given the fact that a simultaneous description of ny = 241 LQCD decuplet baryon masses
with FVCs taken into account self-consistently is still missing and that the EOMS BChPT can
describe lattice octet baryon masses rather well [56, 57, 64, 65], it is timely to perform a
thorough study of lowest-lying decuplet baryon masses in EOMS BChPT up to N3LO.
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7.2 Chiral correction to decuplet baryon masses

In this section, we collect the relevant chiral effective Lagrangians. For convenience of the
following discussion, we would like to keep the relevant notations, which are already given in
Chapter 4. After that, we calculate the chiral corrections to decuplet baryon masses and the
corresponding FVCs in covariant BChPT up to N3LO.

7.2.1 Chiral effective Lagrangians

The chiral effective Lagrangians relevant to the present study can be written as the sum of a

mesonic part and a meson-baryon part:
Log = LY + £+ £8) + £8) + 5. (7.1)

The Lagrangians E((;) and £é4) of the mesonic sector are given in Eq. (3.38) of Chapter 3
and Eq. (4.2) of Chapter 4, respectively. For the decuplet baryon fields in the ChPT, the
construction principles can be seen in Chapter 4. The leading-order meson-baryon Lagrangian
is
1 1 1
£l = Lo+ L%y, +Lh ), (7.2)

where L£p denotes the covariant free Lagrangian, and E((;j% p and ,C((;j% p describe the interaction

of the octet- and decuplet-baryons with the pseudoscalar mesons. The expressions of Lp and
L((;]; p are given in Eq. (4.14) and Eq. (4.17), respectively. And, E((;l)) p has the following form:

Ho 4
Tyt 07 35 (9,75) 065 (7.3)

1)
Lopp = T, n

where we have used the so-called “consistent” coupling scheme for the meson-octet-decuplet
vertices [205, 206].
The meson-baryon Lagrangian at order O(p?) can be written as

/
£ = £l 4 LG 4+ 8 (7.4)
The first and second terms, E((;é ) and Egb Sb), denote the explicit chiral symmetry breaking

part. Their expressions are given in Eq. (4.5) and Eq. (4.16) of Chapter 4, respectively. For
2’

the chiral symmetry conserving part, £ oD » one has nine terms, following the conventions of

Refs. [61, 267],

£ = Fl; {BTirg (07 60,0)0 T + 12T [(060,0)! + (D006 | TV
3T, abe Oy PG THI90Y Bl g
i Tyave |0 6320, S ghe + Dudie™ " Bhegne | T
T g T (07 30y 8) + ta TP T (9 30, )
Vi [(Tgbc (8,,00,0) % in" 07 Toabd 4 T (9,68, 6)° Ma”Ta’abd) + H.c.]
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Figure 7.1: Feynman diagrams contributing to the decuplet-baryon masses up to O(p*) in
EOMS BChPT. The single lines correspond to octet-baryons, double lines to decuplet baryons
and dashed lines to mesons. The black boxes (diamond) indicate second (fourth) order cou-
plings. The solid dot indicates an insertion from the dimension one meson-baryon Lagrangians.
Wave function renormalization diagrams are not explicitly shown but included in the calcula-

tion.

—|—Ta7abcay¢35bdeiry”@”TO‘?fgca”gb}}sghe) + H‘C'i|
g | T T (9,60, 6) + H.c.] } , (7.5)

where t1, ¢ have dimension mass~ ! and t7,.. o have dimension mass 2.

The fourth order chiral effective Lagrangians contain five LECs (see also Refs. |61, 263]):

L8 = eTeg ()T + e (Te (¢)f) 9 ()L T
+es T g (e )g To" ) + ea T T (x 1)
+es TP g T (x%), (7.6)

where ej_5 are the unknown LECs.

7.2.2 Decuplet baryon self-energies

In this subsection, decuplet baryon masses are calculated in the limit of exact isospin symmetry.
Formally, up to O(p*) baryon masses can be written as

Mp =mp + m(D) + m(D) + mgj), (7.7)

where msj), mg’), and m%) are the LO, NLO, and NNLO SU(3)-breaking corrections to decu-
plet baryon masses, respectively. The corresponding Feynman diagrams are shown in Fig. 7.1,

and the explicit expression of decuplet baryon masses is
Mp = mp+E5 M +51(3G)KM?<

+M77.1F’¢)2 Z |:§D¢ b)( )+§ C)(Maﬁ)}

¢*7T Kﬂ?
+§D WM4 + g My + gD ﬂKM2MK

1 (e, . . .
tnE)e > (€D D (0, + €52 G (M) + €50 1™ (1)
¢ ¢=m, K, n
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o=m, K, n
B=N, A, =, 2
1 @ )
 (4nFy)? Z Eopr o Hp p (Ms), (7.8)
o=m, K, n

D'=A, $*, E*, Q-

where £(0’s and H®’s are the corresponding coefficients and loop functions with the subscript
i denoting the corresponding diagrams shown in Fig. 7.1. The £®’s are tabulated in Tables
7.1 and 7.2.

Table 7.1: Coefficients of the NLO and NNLO contributions to decuplet baryon masses
[Eq. (7.8)].
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In Eq. (7.8), the loop functions Hg)), Hj(jc), Hj(je’l), l()e’2), HS’B), gg and H](DQ)D/ are
obtained by using the MS renormalization scheme to remove the divergent pieces and the
EOMS renormalization scheme to remove the PCB terms |71, 72, 199]|. The explicit expressions

of Hj(jb)7 Hg), Hg), H(Dji)B, Hg)D, are given in the following:

1
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In Egs. (7.10,7.14,7.15), W = —m§ — (m% — Mi)2 + 2m3(m% + M;), mg) and mg) are the

NLO decuplet and octet baryon masses, where mg) is given in Eq. (7.8), and m(BQ) has the

S g M2 (7.16)

¢o=m, K

following form:

with the corresponding coefficients & B) listed in Table 7.3.

It should be noted that in the evaluation of diagrams Fig. 7.1(f,g), we have only kept terms
linear in M 1()2 ) and Mg), in accordance with our power-counting. At N3LO, the pesudoscalar
meson masses, appearing in m(DQ), should be replaced by their O(p*) counterparts. The explicit
expressions of the meson masses up to O(p*) are given in Eqs. (4.37-4.39) of Chapter 4. The
empirical values of the LECs LI (i = 1,...,10) are taken from the latest global fit [208].
In order to be consistent with our renormalization scale used for the baryon sector, we have

re-evaluated the LECs at © =1 GeV. The details can be found in Ref. [64].

7.2.3 Finite-volume corrections

As emphasized in Refs. [57, 64, 65], finite-volume corrections have to be taken into account
in studying the current LQCD data. In the case of decuplet baryon masses, they have been
studied up to NNLO in EOMS BChPT [56] and in HB ChPT [76]. In the following, we extend
the study up to N3LO in EOMS BChPT.

The FVCs can be easily evaluated following the standard technique. One chooses the baryon
rest frame, i.e., p* = (mp, 5), performs a momentum shift and Wick rotation, integrates over

Table 7.3: Coefficients of the NLO contributions to octet baryon masses |Eq. (7.16)].

N A S =
o —(2bo + 4by) 2(3by— 2bp)  —(2by 1 bp) —(2bg — 4b)
QK —(4bo + 4bp — 4bg)  Z2(6by + 8bp) —4bg (b + 4bp + 4bp)
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the temporal dimension, and obtains the results expressed in terms of the master formulas
given in Ref. [209]. The details can be seen in Section 4.2 of Chapter 4.

To proceed with the above procedure, one should note that since Lorentz invariance is
lost in finite volume, the mass term in the loop functions is identified as the term having the
structure of d;;. This can be easily seen by noticing that in the rest frame the zero component
of decuplet baryon field vanishes because of the on-shell condition p,T* = 0. For instance, the
loop function of diagram Fig. 7.1(b), after Feynman parameterisation, becomes:

G(b) / d*k (mp(z—1) — mB)kak:B
P (2m)* 2\’
<k2 ~ M )

, (7.17)

2
where M(Db) = (22 — 2)m% + amd + (1 — :L')Mdz) — te. To evaluate its contribution to the
decuplet baryon mass, one simply replaces k*k” with 6ijlg2 /3 in the numerator. Following the
procedure specified above, one can then easily obtain the FVCs to the loop function of diagram

Fig. 7.1(b),

5GY (M) = GO(L) - GY(c0)

—1 !
— T | el mote - 1) 50
0

)2 )2

2
) = MB7 55 (MU ] (7.18)

where the “master” formula d,(M?) is defined as

2—1/2—7”(@)3—27‘
73/20 (1)

6, (M?) = Y (LM P Ky (VM) (7.19)
A0

where K,(z) is the modified Bessel function of the second kind, and > =

SO S (1— (|, 0)) with 7 = (ng.ny,n2).

Ng=—00 Ny=—00 Ny=—00

One also can obtain the FVCs of other loop diagrams in Fig. 7.1. For the NNLO one-loop
diagram of Fig. (7.1c), one obtains

(© 5 [ @2 g2 ()
5GD (M¢) = 36/0 dx mD(x - 2) 51/2(MD )_MD 53/2(MD ) s (720)
with M(E)Q = 2?m% + (1 - x)Mé —ie. Taking the limit of mp — oo, Eq. (7.18) and Eq. (7.20)
reduce to
1 o
5G(Db)(M¢>)HB = _8/0 dx [612(BR) — BAds2(BA)] , (7.21)
c L[>
G Mo = 5 [ do 5125 = a7 (722)

where Ba = 22 — 228 + M(g and f = 22 + Mi They agree with the HB ChPT results of
Ref. [76].
FVCs to the N3LO one-loop diagrams Fig. 7.1 (e,f,g) have the following form:

e 1
5GE)71)(M¢) = 551/2(M£)7 (7.23)
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e 1
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e 1
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There is a technical problem in computing 5G([J;V)B(M¢) with the master formula [Eq. (7.19)],

2
because M%’) , appearing in Eq. (7.18) and Eq. (7.26), can become negative for mp > mo+My

in z € [0, 1], i.e., when baryon can decay into the intermediate channel. In order to deal with
this problem, we adopt the strategy proposed in Ref. [268] and replace the original §,(M?)
with three parts by introducing a new scale u satisfying p < mg + My, i.e.,

5 (M?) = gf — g5 + g5, (7.28)

where the g7 , 5 are

1 1 r(a? - 2)(m} — 1)

g = LZ -
1 L E [47222772 +M2(m%)y [47222772 +M2(,U«2)]r [47222732 +M2(,u2)}r

., oo k2dk 1 1 r(z? — x)(m% — p?)
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G = 6 (M) — r(a? — 2)(m — )6, 41 (ME(2)) (7.20)
and

M2(m%) = (2% —2)m%H +amd + (1 - x)Mz — i€, (7.30)

M2 (p?) = (2% —2)p® +amd+ (1 - x)Mf, — €. (7.31)

To take into account of FVCs in the study of the LQCD data, one simply replaces the loop
functions H of Eq. (7.8) by H = H + §G with the dGs calculated above.

7.3 Systematic study of lattice decuplet baryon masses

In this section, we perform a simultaneous fit of the ny = 2 +1 LQCD data from the PACS-
CS [23], QCDSF-UKQCD 28], and HSC |26] Collaborations and the experimental data [161] to
determine the 17 unknown LECs, mp, tp, to...9, and ej...5. Since t1, 9, t3, t4, t5, and tg appear
in combinations, effectively we have only 14 independent LECs. The pion or light-quark mass
dependence of the decuplet baryon masses is studied in the NLO, NNLO, and N3LO EOMS
BChPT. Using the so-obtained LECs, we also carry out a detailed study on the QCDSF-
UKQCD and LHPC data to test the applicability of the N?LO BChPT and the consistency
between different LQCD simulations. Furthermore, the pion- and strangeness-baryon sigma
terms are predicted by the use of the Feynman-Hellmann theorem.

7.3.1 Lattice data of decuplet baryon masses

Up to now, five collaborations have reported ny = 2 + 1 simulations of the decuplet baryon
masses, i.e., the BMW [22], PACS-CS [23], LHPC [25], HSC [26], and QCDSF-UKQCD [2§]
collaborations. Because the BMW data are not publicly available and the data of the LHPC
Collaboration seem to suffer some systematic errors, as shown in their chiral extrapolation
result on the A(1232) mass, which is much higher than its physical value [25], we will concen-
trate on the data of the PACS-CS, QCDSF-UKQCD, and HSC collaborations. Following the
criteria used in our previous studies [65], we only select the LQCD data that satisfy M, < 0.5
GeV and MuL > 3.8. As a result, there are eight sets of data from the PACS-CS (3 sets),
QCDSF-UKQCD (2 sets), and HSC (3 sets) Collaborations. Among the eight LQCD data sets
studied, only in the ensemble with M, = 296 MeV from the PACS-CS Collaboration, can the
decay A — N + 7 happen. It should be noted that the PACS-CS Collaboration measured
the lowest energy levels of the vector meson and decuplet baryon channels, which are different
from the true resonance masses. The resulting difference for the p meson is estimated to be 5
percent using Liischer’s formula [23]. We will comment on this later.

It should be mentioned that the O(a)-improved Wilson action was used by all the above
collaborations except the LHPC Collaboration, which employed a mixed action. The O(a)-
improved action has the favorable property that the leading order corrections from the finite
lattice spacing are eliminated. The finite lattice spacing corrections of the mixed action of
the LHPC Collaboration were also shown to be small [25]. Therefore, in the present work we
assume that the discretization artifacts of the present LQCD simulations are small and can be
ignored, and will leave a detailed study on finite lattice spacing artifacts to a future study (for
a recent study of the discretization effects on the octet baryon masses, see Ref. [67]).
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Before we perform a simultaneous fit of LQCD data, we specify our strategy to fix some of
the LECs in the N3LO BChPT mass formulas Eq. (7.8). For the meson decay constant, we use
Fy =0.0871 GeV. The ¢ BD coupling is fixed to the SU(3)-average value among the different
decuplet-to-octet pionic decay channels, C = 0.85 [119]. The ¢ DD coupling H is barely known,
and we fix it using the large N, relation H4 = (9/5)ga, where g4 and H4 are the nucleon and
A axial charges. With g4 = 1.26, this yields the ¢ DD coupling H = H4/2 = 1.13. In the loop
function Eq. (7.27), the LO corrections to virtual octet masses are included, therefore, there
are 4 more LECs my, by, bp, and bp related to octet baryon masses up to O(p?). Similar to the
determination of decuplet baryon masses at O(p?) in Chapter 5, their values can be obtained by
fitting the physical octet baryon masses with the NLO octet mass formula Mg = mg — mg).
Because at the same pion masses, the my and by cannot be disentangled, we only obtain
m¢t = mgy — bo(4ME +2M2), bp = 0.06 GeV~!, and bp = —0.231 GeV L. The octet-decuplet
mass splitting § = 0.231 GeV is taken as the average physical masses gap. As a result, mg and
bo can be expressed as mg = mp — 0.231 GeV and by = (mp — 1.423)/1.014 GeV L,

In the fitting process, we incorporate the inverse of the correlation matrix Cs; = 040;0;; +
Aa;Aaj for each lattice ensemble to calculate the x?, where o; are the lattice statistical errors
and Aa; are the fully-correlated errors propagated from the determination of a;. This is
because the data from different collaborations are not correlated with each other, but the data
form the same collaboration are partially correlated by the uncertainties propagated from the
determination of lattice spacing a.

7.3.2 Chiral extrapolation

In this subsection, we proceed to study the eight sets of lattice data for decuplet baryon masses
by using the N®LO BChPT mass formulas [Eq. (7.8)]. In order to constrain better the values
of LECs, we include the corresponding experimental data in the fits. The obtained 14 LECs
from the best fits are tabulated in Table 7.4. For the sake of comparison, we also perform fits
at NLO ! and NNLO. Up to NNLO, there are only three LECs, i.e., mp, to, and tp.

It is clear that the NLO fit (without loop contributions) already describe the LQCD sim-
ulations very well. The description becomes a bit worse at NNLO. 2 The x2/d.o.f. for the
N3LO is as low as 0.20. Therefore we confirm that the PACS-CS, QCDSF-UKQCD, and HSC
data are consistent with each other, although their setups are different. Furthermore, it seems
that lattice decuplet baryon masses are almost linear in M2, as demonstrated by the good fit
obtained at NLO, x2?/d.o.f." = 0.44.

The values of 14 LECs seem very natural, except that the LECS t;, to, 3, and t7 might be
slightly large. If we had constrained their values to lie between —1 to 1 in the fitting process,
we would have obtained a x2/d.o.f. = 0.26, instead of 0.20. It seems that the present LQCD
simulations are not precise enough or are too limited to put a stringent constraint on the values
of all the LECs appearing up to N3LO, because the NLO fit already yields a x2/d.o.f. smaller
than 1. This is further confirmed by the relatively large correlation observed between some of
the LECs, e.g., between #; and ty, among t7, tg, and tg, and among e1, e, and e5. We found

Because at O(p?), BChPT does not generate any FVCs, we have adjusted lattice data by subtracting the
FVCs calculated by the N>LO EOMS BChPT with virtual octet contributions taken into account.
2Without the contributions of the virtual octet baryons, the NNLO description would be much better, with
2
a x“/d.of. ~2.
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Table 7.4: Values of LECs from the best fits to the lattice and experimental data with different
fitting strategies at O(p?), O(p?), and O(p*), respectively. The estimator for the fits with and
without the experimental decuplet masses, x?/d.o.f. and x?/d.o.f.”, are given in the last two
rows (see text for details).

NLO NNLO N3LO
mp [MeV] 1135(14) 870(12) 1152(25)
to [GeV 1] 0.167(27) 1.36(2) 0.0710(59)
tp [GeV™!] 0.322(2) 0.785(3) 0.318(16)
1 [GeV1] - - 5.90(24)
ty [GeV ] —~ —~ —2.26(29)
t3 [GeV~1] - - —3.67(45)
tr [GeV~2] = = —2.37(8)
ts [GeV 2 - - 0.298(156)
to [GeV~2] - -~ 1.21(13)
e1 [GeV3 — - —0.00386(11689)
ez [GeV 3] — -~ 0.194(47)
e3 [GeV 3] — -~ —0.167(117)
eq [GeV T3] —~ —~ 0.0767(480)
es [GeV T3] —~ —~ —0.0182(734)
x%/d.o.f. 4.4 9.5 0.20
x?/d.of.” 0.44 1.7 0.18

that putting some of them to zero only slightly increases the x?/d.o.f.. In short, the values of
the N3LO LECs should be viewed in the present context and used with care.

As mentioned earlier, the lightest lattice point with m, = 296 MeV of the PACS-CS Col-
laboration suffers from potentially large systematic errors. If we had performed the fit without
this point, we would have obtained a x?/d.o.f. = 0.24, slightly larger than the x?/d.o.f. = 0.20
of Table 7.4. In addition, the values of the corresponding LECs would change moderately. On
the other hand, the extrapolations with the LECs determined from the fit excluding physical
masses became much worse. This seems to suggest that the inclusion of the lightest PACS-CS
point is reasonable, keeping in mind the caveat that they suffer from potentially large system-
atic errors. This is also the strategy adopted by the PACS-CS collaboration [76] and other
similar studies [200].

In Fig. 7.2, we show the A, ¥* Z* and 2~ masses as functions of M2, where the strange
quark mass is set to its physical value. It is clear that lattice data are rather linear in M2 .
The O(p?) BChPT results show strong curvature and cannot describe LQCD data. A good
description can only be achieved up to N3LO. 3 In Fig. 7.2, we also show those data of the
PACS-CS and HSC collaborations, which are excluded from the fit. The O(p*) BChPT can
describe reasonably well those data as well.

It should be emphasised that the setups of the QCDSF-UKQCD simulations are rather

3In principle, at NNLO, we can use for the meson decay constant its SU(3) average, Fy, = 1.17f, with
f= = 92.4 MeV. This improves a lot the NNLO fit.
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Figure 7.2: (Color online). Pion mass dependences of the lowest-lying decuplet baryon masses.
Filled (open) symbols denote the lattice data points included in (excluded from) the fits,
which are projected to have the physical strange-quark mass. The dot-dashed, the dashed,
and the solid lines are the best NLO, NNLO and N3LO fits to the lattice data, respectively. In
obtaining the BChPT results, the strange quark mass has been set to its physical value. The
lattice points in the shaded region are not included in the fits.

different from those of the PACS-CS and HSC collaborations. Most LQCD simulations fix the
strange quark mass at (or close to ) its physical value and gradually moving u/d quark masses
to their physical values. The QCDSF-UKQCD Collaboration adopted an alternative method
by starting at a point on the SU(3) flavor symmetric line (m,/q = ms) and holding the sum
of the quark masses m = (2m,q + ms)/3 constant [27]. In this way, the corresponding kaon
and eta masses can be smaller than the pion mass. On the other hand, the FVCs from the
kaon and eta loops can become comparable or even larger than that induced by the pion loop,
because the MyL can simultaneously become smaller than 4. Therefore, the QCDSF-UKQCD
data provide us an opportunity to test BChPT in the world of small strange quark masses and
small lattice volumes.

In Fig. 7.3, the QCDSF-UKQCD lattice data are compared with the N3LO BChPT. The
lattice points included in the fit are denoted by solid points and those excluded from the fit
by hollow points. All lattice points are shifted by FVCs and the kaon mass is fixed using the
function M?( = a + bM? for the lattice ensemble with a and b determined in Appendix II of
Ref. [64]. Tt is clear that the N3LO BChPT can describe reasonably well the QCDSF-UKQCD
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Figure 7.3: The QCDSF-UKQCD lattice data [27] in comparison with the N3LO BChPT. The
lattice data denoted by the blue filled squares are included in the fit; those by the green opened
circles (with Ny = 32) and the red diamonds (with Ng = 24) are not. FVCs of the lattice
results have been subtracted. The two flavour singlet quantities, X, and Xa, are defined as:

Xr= \/(MTE +2M%)/3, XA = (2ma + mq-)/3, respectively [27].

data obtained in both large (N5 = 32) and small (N, = 24) volumes with both heavy and light
pion masses. However, it should be pointed out that the ratio method eliminates to a large
extent the FVCs. In other words, to plot/study the data this way one can neglect FVCs, as
noticed in Ref. [28].

We would like to point out that in the above fits we have not included the LHPC data,
while in Refs. [64, 65] we have studied their data for octet baryon masses. The reason is that
the LHPC decuplet baryon data do not seem to be consistent with those of the PACS-CS,
QCDSF-UKQCD, and HSC collaborations. This is clearly demonstrated in Fig. 7.4, where the
LHPC data are contrasted with the N3LO BChPT with the LECs of N3LO-II tabulated in
Table I, and the corresponding kaon mass is fixed using MIQ( = a+bM? with a and b determined
in Ref. [64]. It is clear that the dependence of lattice data on M2 seems to be flatter than
suggested by N3LO BChPT. In Ref. [25], it was noticed that it is difficult to extrapolate
lattice data to the physical A(1232) mass. Our study seems to confirm their finding. If we
had included the LHPC data “(three sets of them satisfying our selection criteria), we would
have obtained a x?/d.o.f. = 2.4.

Finite-volume corrections play an important role in describing LQCD data as pointed out
in the present context in Refs. [57, 64|. In Table 7.5, we show the finite-volume corrections
calculated in N3LO BChPT with the LECs determined above. Not surprisingly, the finite-
volume corrections to the QCDSF-UKQCD data are the largest, which can be easily understood
from the arguments given above.

Furthermore, in order to quantify the effects of loop contributions involving virtual octet

41t needs to be mentioned that in Ref. [246], a different way of setting the lattice scale has been used to
obtain the decuplet baryon masses of the LHPC Collaboration [25] in physical units.
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Table 7.5: Finite-volume corrections (in units of MeV) to LQCD decuplet baryon masses in
covariant BChPT up to N3LO.

M, oma dmx+ dme+ omq- ML MgL M, L

PACS-CS 296 14 5 0 -3 4.3 8.7 9.8
384 5 2 1 1 5.7 8.6 9.3
411 4 2 0 1 6.0 9.3 10.2
QCDSF-UKQCD 320 20 13 8 4 4.1 5.8 6.2
411 50 50 50 50 3.95 3.95 3.95
HSC 383 4 2 1 0 5.7 8.1 8.8
389 42 27 14 3 3.9 5.4 5.9
449 28 19 11 4 4.5 5.8 6.2
P-} P N B B B
— .
. 1.7 § —
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Figure 7.4: Comparison between the N°LO BChPT and the LHPC data [25].

and decuplet baryons, one can allow C and H to vary in the fitting. The corresponding best
fit-x2/d.o.f. is 0.27 with C = 0.75 and H = 1.0. It is clear that the values are consistent with
the phenomenological values we used above, which can be seen as evidence for the existence
of non-analytical chiral contributions following the argument given in Ref. [246]. One should
note that because of the small difference between the x?/d.o.f. obtained here and the x2/d.o.f.
obtained by putting C and H to zero, this evidence is rather weak in the present case.

7.3.3 Convergence of SU(3) EOMS BChPT

Convergence of BChPT in the u, d, and s three-flavor sector has been under debate for many
years. See, e.g., Refs.[73, 74, 199, 269] and references cited therein.” One prominent example is

5For related discussions in the mesonic sector, see, e.g., Refs. [270, 271], where the so-called resummed
chiral perturbation theory has been shown to exhibit better convergence than conventional chiral perturbation
theory. To our knowledge, no similar studies exist in the one-baryon sector.
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the magnetic moments of octet baryons. In Ref. [196], it has been shown that compared to HB
ChPT and IR BChPT, EOMS BChPT converges relatively faster. The same has been found for
octet baryon masses [56]. Nevertheless, even in EOMS BChPT, convergence is relatively slow
because of the large expansion parameter, My /Acppr. Naively, each higher order contribution
is only suppressed by about one half at the physical point, which can even be further reduced
for LQCD simulations with larger light-quark masses.

osf & 5 -:

02F + .

Ip%/(p%+mp)|

02!

— NNLO 7

067005 01 015 02 0 005 01 015 02 0.25

M2 [Gev?]

Figure 7.5: Ratio of one-loop and tree contributions to the decuplet baryon masses,
|p3 /(p*+ mD)}, as a function of pion mass. The strange quark mass is set at its physical
value.

In the following, we would like to examine the contributions of different chiral orders. In
Table 7.4 and Fig. 7.2, one notices that the NLO BChPT can already describe LQCD data
very well, but experimental data are missed a little bit. If the chiral expansions work, one

Table 7.6: Contributions of different chiral order to the decuplet baryon masses at the physical
point (in units of GeV).

A = ="
mp D2 P ol »? »° ol 2 »° I 2 I I
NLO 1.135 0.104 — - 0.248 - 0.392 - - 0.537 - -
NNLO 0.870 0.737 —0.383 - 1.089 —0.582 - 1.441 —-0.785 - 1.793 -0.991 -

N3LO 1.152 0.046 —0.429 0.463 0.158 —0.652 0.728 0.270 —0.878 0.988 0.382 —1.106 1.244
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Figure 7.6: Ratio of one-loop and tree contributions to the decuplet baryon masses,

|(® +p")/(P* +mp)
value.

, as a function of pion mass. The strange quark mass is set at its physical

should expect a smaller x2/d.o.f. at NNLO and N3LO. This is indeed the case. Since the NLO
results already describe LQCD data very well, it is not surprising that up to NNLO and N3LO,
there should be some reshuffling of contributions of different order. This can be clearly seen
from Table 7.6, where contributions of different chiral order to decuplet baryon masses at the
physical point are tabulated. Once loop diagrams are included, a naive comparison of p° (mp),
p?, p?, and p? contributions turns out to be a disaster. At NNLO, the p? contributions can
be a factor of 2 larger than mp, while at N3LO, the p? and p* contributions are opposite and
become comparable to or even larger than the p? contributions, particularly for the decuplet
baryons containing strangeness.

On the other hand, up to one-loop level, it might be more proper to judge conver-
gence by comparing tree and loop contributions. In Figs. 7.5 and 7.6 ‘p?’/ (p* + mp)‘ and
|(p® + p*)/(p* + mp)| are shown as a function of M2 At NNLO, the p? contributions can
reach about 50% of the tree contributions, while at N3LO the loop contributions become
about 10% ~ 20% of the tree contributions. These results suggest that the chiral expansions
are convergent as expected.
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Table 7.7: Pion- and strangeness-sigma terms of the decuplet baryons at the physical point.
The first error is statistical and the second is systematic, estimated by taking half the difference
between the N3LO result and the NNLO result.

o’ o@(*)

w/o octet  w/ octet Ref. |56] w/o octet w/ octet Ref. [200]
=N 50(1) 64(1) 55(4)(18) 42(1)(4) 28(1)(8) 34(3)
es- 3200 (1) 39313 () 20)9) 280)
e 1) () 2E)T) 82)6) HEE)  18()
owa 6(1) S 5@ 56 500 10(4)
s T0(13)  93(12) 601 9e0(5)  ss(@)@) ()
oo 108(13)  181(13)  160(28)(7)  233(23)(18)  243(24)(31)  211(44)
o 298(13)  258(14)  274(32)(9)  375(24)(39)  391(24)(67)  373(53)
o 370(14)  326(15)  360(34)(26)  507(25)(69)  528(26)(101)  510(50)

7.4 Pion- and strangeness-decuplet baryon sigma terms

The baryon sigma terms are important quantities in understanding the chiral condensate and
the composition of the baryons. At present, there are no direct LQCD simulation of these
quantities for decuplet baryons (In Ref. [272], the very preliminary studies of the decuplet
baryon sigma terms was reported.). On the other hand, one can calculate the decuplet baryon
sigma terms o,p and osp using BChPT, once the relevant LECs are fixed, via the Feynman-
Hellmann theorem. See, e.g., Refs. [64] for relevant formulas.

Using the LECs given in Table 7.4, we calculate the sigma terms of the baryon decuplet at
the physical point, and the results are listed in Table 7.7. For comparison, we also tabulate the
results of Refs. [56, 200]. The difference between our O(p*) predictions with those of Ref. [56]
reflects the influence of the LQCD data and the fitting strategy. However, our N3LO results
are consistent with those of Ref. [200] within uncertainties.



CHAPTER 8

Roper mass and width in ChPT

With the development of computer techniques, the baryon masses of excited states are becom-
ing available in lattice QCD, especially for the Roper. In this chapter, the nucleon, Delta, and
Roper masses and widths are calculated in chiral perturbation theory up to next-to-next-to-
leading order. The effects of the mixing between the nucleon and the Roper are taken into
account for the first time. We also tentatively perform an analysis of the lattice Roper masses
to explore the quark mass dependence. Here, we want to mention that this work is still in
progress, and the obtained results should be thought as preliminary.

8.1 Introduction

The light-quark spectrum provides a great opportunity to study QCD in its nonperturbative
regime. In particular, the first even-parity excited state of the nucleon, the J = (1/2)*
Roper resonance N(1440) or P;1(1440), has been a puzzle since its discovery [162]. In the
constituent quark model, the Roper, as an S-wave excitation, tends to be above the first odd-
parity excited state N(1530) or S11(1530), a P-wave excitation, a problem that is ameliorated
if Goldstone-boson exchange is introduced. Several exotic interpretations have been proposed,
such as a hybrid baryon [273, 274], a pentaquark state [275], and a breathing mode of the
ground state [276]. This puzzle has made the Roper a focus of the N* program at JLab, and
in Bonn, Mainz, and Japan [277-279).

The recent outburst of interest in lattice QCD has not resolved this puzzle. The low-
lying hadron spectrum is now well understood within controllable lattice artifacts [128], but
lattice simulations of excited states have not yet reached the same level of maturity. Several
LQCD collaborations have published results for the Roper mass at various values of the pion
mass m, [150, 163, 164, 166, 167, 280]. Except for the yQCD collaboration [167] which finds
relatively small masses with a chiral behavior similar to that of nucleons, most of the results
are in broad agreement. For m, < 500 MeV, the proton is light enough for the Roper to be
unstable, yet, it is treated as a stable particle. Taken at face value, however, these results
imply that there is a strong decrease in the Roper mass as m, approaches the physical point.
This, in turn, suggests that the Roper could be considerably closer to the nucleon in the chiral
limit than in the real world.

There are other clues that indicate an important role for the Roper with respect to chiral
symmetry. The importance of the Delta isobar A(1232) in low-energy phenomena stems from
the relatively small Delta-nucleon mass difference oy = ma — my =~ 290 MeV, at least
compared to most mesons. The Roper-nucleon mass difference dpy = mprp — my =~ 490 MeV
is less than twice as large, and the ratio of Roper-to-Delta widths is roughly of the order of
(0rN/6AN)3, as one might expect from widths that come primarily from a one-pion-loop self-
energy [281]. Moreover, the nucleon, Delta and Roper nearly saturate the Adler-Weisberger
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sum rule, which can be understood if they act as chiral partners in a reducible representation
of the chiral symmetry group SU(2) x SU(2)r [282].

Much work has been carried out in ChPT including explicitly pions, nucleons and Deltas
— for a comprehensive review, see for example Ref. [45]. In contrast, the next nucleon excited
state, the Roper, has received considerably less attention. The Roper-nucleon splitting is
still somewhat smaller than A, at the physical pion mass, and could decrease towards the
chiral limit. Therefore, it can be included as an explicit degree of freedom in ChPT. Various
quantities and processes have been studied from this point of view, including: Roper octet
contributions to decuplet masses and magnetic moments [261]; virtual Roper contributions
to TN — 7N threshold amplitudes [283] and to elastic 7N scattering [281, 284]; chiral
corrections to the Roper self-energy [285, 286]; and Roper magnetic moment [287]. The Roper
has also been included indirectly via resonance saturation of LECs in the calculations of baryon
self-energies [50] and of nonleptonic hyperon decays [288], and explicitly in the chiral unitarity
approach to study meson-baryon dynamics [289)].

Perhaps the most noticeable effect of the Roper in ChPT is, not surprisingly, in the reaction
that led to its discovery [162], elastic 7V scattering. In ChPT, whether without [290-295] or
with [194, 284, 296-298| an explicit Delta, the empirical near-threshold behavior of the Pj;
phase shift is reproduced in lowest orders, with a monotonically decreasing function of energy.
Yet the empirical phase shift turns up and crosses zero in the Delta region, which can only
be achieved if a nominally higher-order effect provides an opposite contribution to cancels
those of lowest orders. This lack of convergence is not a problem when the Delta region is
considered beyond the range of EFT, but needs to be addressed as we extend this range [298].
Once the Roper is included explicitly as a low-energy degree of freedom, Roper pole diagrams,
suppressed only by the relatively small energy difference oy — drn, appear already at the
lowest non-trivial order and naturally produce the observed phase-shift behavior [281].

The goal of the present work is to initiate a systematic study of nucleon, Delta and Roper
properties within ChPT. As LQCD continues to pick up momentum, we can anticipate in-
creasingly precise data for a variety of baryon properties at pion masses from A, down to
the physical value, and perhaps below. Over such a broad range, the simplest approach is to
treat the baryon mass differences in the same footing as the pion mass, and consider momenta
Q ~ mgx ~ 6aN ~ drNn. We express observables as expansions in /A, In this way, we gen-
eralize the simpler countings of ChPT without [69] and with [116] Deltas, where danx and/or
drn are considered high scales and the effects of Deltas and/or Ropers are relegated to LECs.

As a first step, we reconsider the Roper self-energy [285, 286] to next-to-next-to-leading
order including explicitly the pion-mass dependence of the mixing between nucleon and Roper.
We also calculate the virtual Roper effects on the nucleon and Delta self-energies to the same
order. Thus, we obtain the full one-loop corrections to the nucleon mass, and Delta and Roper
masses and widths. Many LQCD studies exist already of nucleon and Delta masses, indicating
a relatively good convergence of ChPT, see for example Ref. [299]. We hope our results will
prove useful in similar analysis of upcoming data.
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8.2 Chiral effective Lagrangians in SU(2) sector

In this section, we present the effective Lagrangian relevant for the chiral corrections to the
nucleon, Delta, and Roper self-energies up to NNLO. Further background and references can
be found in Ref. [45].

The nonrelativistic nature of nucleons in the regime of validity of the EFT means that we
can integrate out antinucleons and limit ourselves to interactions with at most one baryon. We
can split the effective Lagrangian as

L= Eﬂ' +£7rN +£7rNA +£7TNR+£7TAR7 (81)

which describe, respectively, interactions among pions, between pions and nucleons, of Deltas
with pions and nucleons, of Ropers with pions and nucleons, and of Ropers with pions and
Deltas. We do not consider electromagnetic effects nor isospin violation stemming from the
quark mass difference, but extension is straightforward.

The effective Lagrangian can be ordered,

L= Z E(nChPT)’ (8.2)

NChPT

according to the (integer) chiral index [32, 300]
nChpT:d—i-f/Q—QZO, (8.3)

where d and f are, respectively, the number of derivatives and low-energy scales, and the
number of fermion fields entering each interaction. In the mesonic and one-baryon sectors
! the chiral index tracks the number of powers of AL I expected from the naive dimensional
analysis (NDA) [168] that underlies the EFT expansion. It exhibits the lowest order where
the corresponding interaction appears. The lower bound in Eq. (8.3) stems from the pattern
of chiral-symmetry breaking in QCD, and guarantees that there is a leading order from which
the expansion can be constructed.

In the next subsections we describe each term in Eq. (8.1), making specific choices of fields.
At a given order, results can only depend on these choices up to higher-order terms, that is,
results for different choices must fall within the theoretical error bars. The choice of fields
is guided by the symmetries we want to implement, namely chiral symmetry and Lorentz
invariance in the nonrelativistic regime.

Each interaction with symmetry transformation properties (i.e., invariant or transforming
like the quark mass terms in the QCD Lagrangian) introduces a LEC. The LECs can be
determined by fitting LQCD data at different values of m,, and particular combinations can
be obtained from experimental data at the physical point. We assume that throughout the
low-mass region we have two small expansion parameters dya/Ay and dyr/A, in addition to
mx/A. Thus all LECs, which are defined in the chiral limit (m, = 0), can be written as series
in these parameters. The coefficients of these series cannot be determined from experiment
or LQCD, except perhaps if QCD is deformed with the introduction of further independent
parameters such as the number of colors. For simplicity we leave these series implicit.

!Note that Lagrangians in these sectors are frequently labeled not by ncuwpr but by d, for example

Egr"ChPT +2) and £§:}\c]:hPT+1) ]
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Pion Lagrangian

We use an exponential realization of the pion fields (79, %),

u = exp |i e ¢ @ Vet
= X _— = T,7 =
p 2fﬂ- ’ a \/iﬂ'_ —7'('0 9

where 7, is the isospin Pauli matrix and f; = 92.1 MeV [279] is the pion decay constant in the

(8.4)

chiral limit.
The chiral lagrangian is built from covariant combinations of pion fields such as the pion
vector and axial currents

1 1 1
I, = 3 (uTé?uu + u@uuT) = 5%(7%‘#), Uy =1 (UT@LU - u@wﬂ) = §Ta<7auu>v (8.5)
and
i = ulxul + uxtu, (8.6)

where (---) denotes the trace in flavor space, and xy = 2ByM, M = diag(m,, mg), represents
the explicit breaking of chiral symmetry by the up- and down quark masses m,, and m,4. Here
By = —{qq)/ f2 is related to the quark condensate (gq)o in the chiral limit.

From the pion Lagrangian, we need only the ncppr = 0 part, which can be written as

2

£9 = I () + ()] (5.7)

The first term includes the pion kinetic energy while the second gives rise to the pion mass,

m2 = 2((x +x). (53)

In the following only the pion propagator obtained from Eq. (8.7) appears.

Nucleon Chiral Lagrangian

Since the nucleon mass in the chiral limit My is of the order of the breakdown scale of the

N:<Z> (8.9)

which does not have a trivial evolution factor exp(—iMyov-x), where v, is the nucleon velocity

EFT, we use a heavy nucleon field

(v = (1, 0) in the rest frame). This amounts to measuring nucleon energies with respect to
the nucleon rest energy in the chiral limit, Mpyg. With this choice of field, all spin physics
enters through the covariant spin-operator S, = iv50,,v" /2, with the basic properties

1
Sv=0, {SpS}=(vuvw —gw), [Su 8] = i€ v SP, (8.10)

in the convention €g193 = 1. Lorentz invariance at a given order is ensured by 1/My( corrections
introduced via reparametrization invariance [189]. Interactions with pions are written with the
chiral covariant derivative

D,N =0,N +T,N. (8.11)



8.2. Chiral effective Lagrangians in SU(2) sector 97

The pion-nucleon effective Lagrangian with lowest chiral index can be written as

E%:N(iv-D+gAS-u)N, (8.12)

(
s
where g4 = O(1) is the axial vector coupling at the chiral limit. This Lagragian gives rise to
a static nucleon propagator and the usual derivative pion-nucleon coupling. At the next order
we have recoil corrections, the sigma term, and new interactions,

1 _
+CN1<X+>NN—CN2<(v-u)2>NN—|— %(uuﬂVN—l— , (8.13)

with cy1, ¢n2, cng unknown LECs expected to be of O(1/A,). The term with LEC ¢y gives
2

an m2 correction to the nucleon mass, while the cy1, cn2, cy3 terms provide seagull vertices.
For our purposes we also require the m1 correction to the mass contained in the third-order
Lagrangian 2,

L8 = ess(x1)2NN + ens (XN N + eqig(dety + detx NN + - -
= enymiNN+---, (8.15)

where en1 = (16638 + 2e115 + 26116) is a combination of the three LECs esg, €115, and e14 of
Ref. [301]. We expect ey; = O(l/Ai).

Delta Chiral Lagrangian

The Delta is a spin-3/2, isospin-3/2 resonance and, therefore, it is described by a field

A, = " (8.16)

where each charge state has four spin components. In order to construct isospin conserving
interactions we need the isospin 3/2 analogs of the Pauli matrices,

0 V3/2 0 0
2| V3/2 0 1 0

1
= 8.17
T 3 0 1 0 V32 |’ (8.17)
0 0 V3/2 0
0 —v3/2 0 0 1 0 0 0
2i 3/2 0 —1 0 0 1/3 0 0
I N (5.18)
3 0 1 0 —V3/2 0 0 —1/3 0
0 0 V3/2 0 0 0 0 -1
2Sometimes further terms, such as
L3, = N(Bs28An + Basdan (x+))N, (8.14)

are written explicitly [256]. Here they are absorbed in the LECs Mno and cn1 in the ciral limit.



98 Chapter 8. Roper mass and width in ChPT

with 7¢T* = %, as well as the isospin 1/2-to-3/2 transition matrices,

t1:1<—\/§ 0 1 0>t2:—i<\/§01 o)tgz\/§<001o>
vel 0o 10 +v3)"" Vel 0 1 0 v3 )’ 3o 010}

(8.19)
with tobT = gab %TaTb.

Since Delta excitation requires only dan in energy, we choose the phase of the field so that
the same factor Mygv - x is absent. As a consequence, Delta energies are also measured with
respect to the nucleon’s. The Delta is then also a static field, but with a residual mass.

The chiral Lagrangian for the Delta and its transition to the nucleon has a parallel form
to the Lagrangian of the previous subsection. The chiral covariant derivative on Delta field is
written as

D,A, = 0,0, + To(TTL) A (8.20)
At lowest index,
_ _ 1 _
EgrolifA = —Ay(iv- D —0na)AF — HyA S To (T ) AF — ZhA (APto(T%uy)N + Hee.) . (8.21)
The first term provides the Delta propagator
i

4
SH (k) = — Hy¥ — g GG 8.22
B = = omariz |V 79 3 ’ (8:22)

where dya = Mag — Mg is the mass splitting between Delta and nucleon in the chiral limit.
The LECs Ha,ha = O(1) are axial vector couplings of the Delta and of the Delta-nucleon
transition, respectively. At next order we again need recoil corrections and seagull vertices,

m L A
Lova = ~pecB [(v-D)* — D*] A¥
iHA A v a " hA - A v a
P B8 - D v Tufrw )} A 4 i (32 Do ta(r w)N +He)
= C
A [ear ) = ean((w-w?) + B3] A (8.23)

where ca1,ca,, caz = O(1/A,) are LECs 3. As in the nucleon sector, of higher orders we need
only the m2 correction to the baryon mass,

L0 n = —enrmiB A 4 (8.25)

with ea; = O(1/A3) yet another LEC.

¥Note that in covariant ChPT there are two more terms [302] in 5;112, A Which are relevant in the study of
baryon masses up to NNLO [207, 256],

LD = by NT%™ %y, A, — AZ—ZNT“ (30 A0)w™ + He., (8.24)

with wf, = 1(7%[Dy,u,]). However these terms are redundant in the heavy baryon expansion [303, 304].
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Roper Chiral Lagrangian

The Roper has the same spin/isospin numbers as the nucleon, just a higher mass. The ma-
chinery we employ to build the interactions of its field

R— ( }; ) (8.26)

is the same as for the nucleon. The only differences are that ¢) it has a residual mass in the
chiral limit, and 4i) it can mix with the nucleon with a mixing angle that depends on the quark
masses.

We define the nucleon and Roper fields such that they are mass eigenstates in the chiral
limit. Then we can simply add to the LO nucleon Lagrangian Eq. (8.12) the lowest-order
Roper terms

EErOJ)VR = R(iv- D — 6N + grS - u)R+ gyr (NS - uR +h.c.), (8.27)

where dpy = Mgy — Mo denotes the mass splitting between nucleon and Roper in the chiral
limit, gr = O(1) is the axial-vector coupling of the Roper, and gyrg = O(1) the axial-vector
transition coupling between Roper and nucleon. Terms at next order have a form familiar from
Eq. (8.13),

£ — R[(w-D?-D%*—igr{S-D,v-u}| R
©NR Mo [( ) gr{ }]
tert (v )RR — cra((v - u))RR + %m )RR (8.28)
= IINR 5
+envg ((x+)NR+h.e.) — R{S-D,v-u}N +hc.+---, (8.29)
NO

where cp1, cr,,crs = O(1/Ay) are LECs to be fixed. Noteworthy is the Roper-nucleon mixing
linear in the quark masses with LEC c¢yp = O(1/A,), which we kep here explicit in contrast
to what is done in Ref. [285]. When one is interested in Roper effects at a fixed pion mass, for
example at its physical value (e.g. Refs. [281, 283, 284]), we can perform a new rotation to
re-diagonalize the fields at that mass and eliminate cyr. Here we keep track of its effects as
the pion mass is varied. As before, the only higher-order term we need is

LB =emmiRR+.... (8.30)

with ep; = O(l/Ai) another LEC.
In addition we need the Roper-Delta transitions at the two lowest orders,

1

L= — 792k (A'ta(r"u,) R+ He) (8.31)
and ‘
£(2R — AR (A“guv”ta(fluy)R + H.c.) , (8.32)
4 4 Mo

where gar = O(1) is the axial-vector transition coupling.
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8.3 Baryon mass and width matrices

8.3.1 Perturbatively calculation of the baryon self-energies
Firstly, let us consider the two-point function of the baryon field B(z)

1

So(x) = ~HOITIB@)BON0) = 55

(8.33)

where the momentum matrix p¥, the mass splitting matrix ¢ and the self-energy matrix X (p°),
respectively, can be written as

Py 0 g 0 0 0
p° = PAr O , =10 dya O , (8.34)
p(l)%N 0 p(l)%R 0 0 Ownr
S () 0 SNr(PYR)
S(p%) = 0 Yaa(PAa) 0 ; (8.35)
Srn (PN ) 0 Srr(®%g)

where the elements of self-energy matrix, ¥pp/(p /) with B, B’ = N, A, R, can be expanded
up to fourth order

2 3 4
e () = S + S 0he) + T e+ (8.36)
The baryon masses are defined as Mg = My + Re[p°] at the pole with p® = § + Z(p?).
And the corresponding widths are defined as I'g = —2Im[%(p%)]. In order to obtain the baryon
masses and widths, one has to calculate the matrix equation perturbatively in terms of the
expansion of pY,

0 = oM 4 0@ 0@ @ (8.37)
with
0 0 0 ey 0 =0k
PV =s=100oxa 0o |, =] 0o =& o [, (8.38)
2 2
0 0 Ovg »@ 0 =@
) @0 0 Sk (0)
OO = 0 2Ph(ona) 0 : (8.39)
=3(0) 0 = (0N )
and
2 3) 2) @)’
. 5@, 5@ (0) 0 Sivk ik (0)
P = 0 Sia ZRA (Ona) 0
/ !/
=2, =@ (0) 0 Sk Sk (Ong)
ik (0) 0 S k(0)
+ 0 =P (6na) 0

£0(0) 0 SNEI
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SEnO 0 SR (0)
= 0 EXQA (dna) 0 (8.40)
S0 0 Shh@we)

Here we would like to mention that the mixed terms Y yr and X zn are the same.
The baryon mass matrix, Mg = Myq + Re[p], can be expressed as

Myn 0 Mnyr
Mp = 0 Mana 0 , (8.41)
MpgN 0 Mgr

with the diagonal terms My, Maa, and Mggr

Myy = Myo+ Mgk + M+ MG+,

Man = MN0+5NA+M§2+M§Z+MX%+'“,

Mpr = Mpyo+0xgr+ My + My + MGy +--- (8.42)

and the mixed terms Mygr and Mgy

Mnr = Myp+Myp+Myp+---,
My = MG+ MG+ Mo+, (8.43)

where M gg, are the real parts of baryon self-energies:
2 2 3 3 1 4 4 1
M), =S5, MG =Re S50 00|, MEL =Re[S5L 05| (844)

Similarly, we also can define the matrix of baryon widths
I'p = 0 Taan O , (8.45)

with the diagonal terms I'yn, T'aa, and T'rgr

Tyy = Ty + TGy + = —2m[S{) (0)] — 2Am[EGN0)] + -,
Tan = P() +F(A)A+ —21m[2(A)A(5NA)]—2Im[i§‘£(6m)]+---7
Trr = Dok +T8k+ = —2m[S5(0vs)] — 2m[S5) (Ong)] +--- . (3.46)

and the mixed terms I'yg and I'gy

Tne = T, +TW, + - = —2Im[S).(0)] — 2Im[S, (0)] + - -,
Tay = TEL+T0L 4+ = —2Im[=8) (0)] — 2Im[S (0)] + - - . (8.47)

Because the nucleon is the lightest baryon state, the imaginary part of self-energies ¥ nn(0)
and X yr(0) = Xrn(0) should be zero, therefore,

FNN :FNR:PRN =0. (8.48)
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8.3.2 Diagonalization of the baryon mass and width matrices

In order to obtain the masses and widths of nucleon, Delta, and Roper, one should diagonalize
the above two matrices [Eq. (8.41) and Eq. (8.45)| simultaneously. We encode the baryon mass
and width matrices into a single matrix

s Myy — ity 0 Myp — itz
Mp—i— = 0 Maa —it42 0
MpgNn — Z'F% 0 Mppr — ir%
Mnyn 0 Mnr
= 0 Maa—it4a 0 : (8.49)
MgN 0 Mpp — it88

After diagnolizing the baryon mass and width matrices, we obtain the three eigenvalues
represent the nucleon, Delta and Roper masses and widths,

r 1 r
My — ZTN = 3 [MNN + Mpgr — VW — H;R] , (8.50)
r T
Ma — ZTA = Mapn —1 gA (8.51)
r 1 T
MR—z‘?R = 5 [MNN+MRR+\/ ’;R] (8.52)
with )
. r
W= (MNN_MRR)2+4MNRMRN+Z(MNN_MRR)FRR_ % (8.53)
The corresponding three eigenvectors after normalization are
_ |Mpgn| \/W—MNN+MRR_iF1;R
MAN . JAM2 +(V WMy y+Mpp—i BE )2
Vv = 0 , Va=111, (8.54)
\/4 2NFWW—MyN+Mpr—i RR)2
[Mry| VWHMy Ny —Mppti- B
MgN \/4MI%N+(\/W+MNN*MRR+iF1§R)2
VR = 0 : (8.55)
2|MgrnN|

\/4 2 v H(VW+My N—Mpr+i RR)

Expanding vW up to NNLO,

2
VW = AIRR-—AINN-—Sxag(Afﬁgﬂig%“Aigﬁﬂfg%“ﬂiggﬂfﬁ%>

2 2 2 2 2
(M (vaiiy - ML) -

+7

iFRR
2
ONR

5 (8.56)

the expressions of baryon masses and widths are

I
MN—Z'7N R~ MNo-l-M(J)V—i-M() +M](\U)V
1 2 2 2 3 2 3
L (eharh - w@hr - M)
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(a) (b) (¢

Figure 8.1: One loop self-energy diagrams contributing to M ](\;’])\, The dashed, solid, double-
solid, and triple-solid lines correspond to the pion, nucleon, A, and Roper, respectively. Black
dots indicate an insertion from the dimension one chiral Lagrangians.

1
+az— (MVRMIR MY — M) ) (8.57)
3) | @)
r r'do+r
Ma =i & Myo+dya+MgA + ML + MyA — i-887 88, (8.58)
T
Mp —ZTR ~ Mpyo +5NR+M}%2%+M§%SI)%+M§§%
1 2 2 2 3 2 3
L (e~ M - MM
1 2) 27(2) 2s(2) (2) TRL + Tk
—— (MERMR (M), — M) ) —i—RE—RR, (8.59)
NR

Therefore, in order to obtain the explicit expressions of baryon masses and widths, one needs
the diagonal terms of baryon self-energies up to NNLO and the mixed terms between nucleon
and Roper up to NLO.

8.4 Baryon self-energies up to NNLO

Diagonal terms of the nucleon self-energy
The leading order contribution to the nucleon self-energy is

s = —deyym?. (8.60)

At O(e?), the contributing loop diagrams are collected in Fig. 8.1. After calculating the
diagrams using the HBChPT, we can obtain the chiral corrections to the nucleon self-energy

2 2 2
(3) _ 394 3 . hy 5 Mgy \ 39Nk 3 My
ENN(O) - 327Tf7% Me 1271_2]@7% 5NA~F <5NA> (47Tf7r)25NRf <5NR) ) (861)

where the loop function F(z) is defined as
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1 1 3 a2
Flz) = ZxQ + 5(1 — 5x2) logz
(1—x2)3/210g<%+ x%—l), 0<z<l1,
+4¢ (2% —1)3?arccos 1, |z| > 1, (8.62)

(1 a2)32 [m-log (*71+,/x%—1)} , —l<az<0.

The evolution of F(z) is illustrated in Fig. 8.2. There are six different values of F(z) with
x = +mg/0 (6 = dna, d = dar and 0 = dnyg) at the physical point are presented. We also
investigate the limit behavior of F(z): when z — 0, the loop function F(z) — 0 and when
x — 00, the loop function F(z) — Za3.

Up to NNLO, the needed one loop diagrams are collected in Fig. 8.3, and the corresponding
chiral correction to the nucleon self-energy can be expressed as

30]\[2 4

5 (4) _ 4
ENN(O) = —Een1m; + Wmﬂ

3 m
——=(8cn1 — ena — dens)my log — +
647T2f721- ( ) ™ UQ

3 gi( m2 > 4

S S Sy § PO ST P
4(4m fr)? Mno s w2 T
h2

A _ 2 62 mx  ONA 4
+47r2f7% (en1 —ca1) {mWCSNAj <5NA> p ) +m7r]

5 (it 9\ gy (e
8(4m fr)? Mo p? o 10) T 24m%f2 Mo \dna

i
4 |
|
|
2 |
|
= i
I 0 \'\\ i

L \E | J
\\ ‘

'2 B \®\ | -
I o |

! — Re[F(X)]
Ar i - IM[F(X)] 7
M | IR SRR N S R R T N T A N T N T S T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Figure 8.2: The evolution of F(x). Solid (dash) line corresponds to the real (imaginary) part
of F(z). Red circles denote F(z) with z = +m2™ /%™ blue squares and green diamonds
are the results with & = +mB™™ /§RTS (§RIYS — jPhYs _Ph¥S) apd g = 4PV /6P The

full and hollow symbols are the real and imaginary results of F(x), respectively.
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Figure 8.3: One loop self-energy diagrams contributing to M ](\;lj)v The dashed, solid, double-
solid, and triple-solid lines correspond to the pion, nucleon, A, and Roper, respectively. The
filled circles denote an insertion from the dimension one chiral Lagrangians, the black boxes
indicate O(p?) mass insertions, and the empty circles are the couplings from the 1/Mp cor-
rection Lagrangains. Wave function renormalization diagrams are not explicitly shown but
included in the calculation.

99 m 5NR 2
+ ﬂ-NR (CNI — CRl) [m?rd]zij <5N;, 7 + gmi
_ 3 g]2VR logm—’% 1) mt = 9912VR 5;1VR F My
4(47 fr)* Mno p? T 24nfr)? Mno \ONR

3 2 2 Mmx ONR 4
- 1) _— 8.63
T2 ICNRIAINR |:m7r NrH < vn +mza|, (8.63)

where the function, J(x,y), from loop diagrams Fig. 8.3(a,b,c), is defined as

4
J(z,y) = z? log(xzyZ) + 2log =

4\/1—$210g<%+\/x—12—1>, 0<z<l,
— ¢ (—4)v2? —1arccos 1 lz] > 1, (8.64)

)

(—4)m[i7r—log(_7l+ i—l)], 1<z<0.

2
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The asymptotic behavior of J (x,y) is: J(x,y) — —2%+2%log(4y?) when  — 0 and J (z,y) —
22 log(22y?) when z — co.

Due to the mixing between nucleon and Roper fields, two new loop diagrams |Fig. 8.3(d,e)]
should be taken into account. The corresponding three-point function H(x,y) is defined as

3 4
H(z,y) = 5:1;2 log(2?y?) + ma® + log =
2(1—x2)3/210g<%+ x—g—l), 0<z<l,
— ¢ 2(2% - 1)32arccos L, |z| > 1, (8.65)

—9(1 — 22)3/2 [m-log (—71+ e 1)} , —l<az<0.

Furthermore, the limit behavior is: H(z,y) — —12%+ 322 log(4y?) when x — 0 and H(z,y) —
322 log(z?y?) when z — oc.
Diagonal terms of the Delta self-energy

In order to obtain the chiral corrections to the self-energy of Delta, one has to calculate the
one-loop diagrams shown in Figs. 8.4 and 8.5. The LO, NLO and NNLO contributions are

// \\ // \\ ,/ \\
/ \ / \ 1 \
(a) (b) (©)
Figure 8.4: One loop self-energy diagrams contributing to Mf&. Other notations are the same
as in Fig. 8.1.
S@L = —deaym?, (8.66)
3) 25H3 4 h 3 Mn JAR 3 mn
SIAa (6 = — 1) — — ) — :
280N = a2t B VAT Gy T a2 ) 67
2
~. (4) o 4 3 4 mw SCAQ 4
Yan(0na) = —earmy + W(Scm —cag — deas)m; log Vil + Wmﬂ

2 H3 <log m—gr + 19) ma

96(4m f)2 Mno p? 10) "
h 2 <2 My ONA
_ S _Mm _ONA
+(47Tf7r)2(CA1 CNl)mTI' NAJ( 5NA’ 1 )
5 h mZ 1 4 5h% OA My
T 320n 2 Mg U8 2 T10) T T 6n £ D" dwa)
(47 fz)* Mo % (47 fz)* Mo NA
2
IAR _ 2 52 M OAR
jL(47Tf7r)2(CAl CR1)T ARJ((SAR, I )
5 GAr (.M LY, 4 59Ar AR z Ma
32(47m fr)? Mno p? o 10) T 6(4nfr)? Mo daR
2 4
———cngrh = ONA, O ——mi 8.68
(m fE OV RIAIAR [g(m s ONA ONR; 1) SWW}, (8.68)
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(d) (e) 0
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;7 \\\ i \\ e \\\
’ \ / \ / \
/ \ / \ / A
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® (h) U
T~ T~ E
e AN g \\\ g \\\
\ \ \
K ‘ ! \ J
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0 (k) 0
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Figure 8.5: One loop self-energy diagrams contributing to MX&. Other notations are the same
as in Fig. 8.3.

where the new loop function G(mx,dnp,OnR, 1), from Fig. 8.5(d,e), is defined as

2 3 2 2 263 2
m 2 Oam 49 2 mzd 49
gmﬂ?é 75 3 :771410 J‘i'* NA T NA o T AR =4
( NAsOAR: 1) w08 12 30NA + AR m,% 30nA + AR m72r
2
—(0% A — m2)3/2 log %V—f + iInV—QA — 1) ; INA > My,
4 m2 2 3/2 -5 )
+§m (m2 — dya)?/? arccos A, [OnAl < M,
2
—(6]2\,A — m,%)?’/2 [iﬂ' — log (fnﬁA + ?ﬂv—f — 1)] , ONa < =M,
( 52
—(03g —m3)*?log | —2an 4\ [Bp — 1) : SaR > M,
4 m2 S '
—gm (m2 — 62 »)*/? arccos AR, [0aR| < mn(8.69)
. 52
_(52AR—m2r)3/2 [m—log (iﬁf—l—“yﬁéj—l)] , O0AR < —My.




108 Chapter 8. Roper mass and width in ChPT

P -—— - N P -~ ~ / - = \
/ \ / A / \
/ \ / \ [ \
* > = & » <
(a) (b) (c)
Figure 8.6: One loop self-energy diagrams contributing to M g})%. Other notations are the same
as in Fig. 8.1.
e N N e N \ g RN N
// \\ / \‘ J/ \‘
—————— =B ——¢— —a—n—e—
(a) (b) (¢)
- - PASRRRN
e ~ N Vg RN ! \
/ \ Vi \\ \ 1
// \\ /, \‘ \\ //
B ——e— —e—n - — = ———
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’/’-\\\ ’/—_\\\ ’/——\\\
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o) (k) )
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e—0—@e¢— 0 — e ——
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Figure 8.7: One loop diagrams self-energy contributing to M ](%41)%. Other notations are the same

as in Fig. 8.3.

Diagonal terms of the Roper self-energy

Just the same as the case of the nucleon, all the loop diagrams that contribute to the self-
energy of Roper up to and including NNLO are presented in Figs. (8.6-8.7). The different order
contributions to the Roper self-energy are

S@ = —degm?, (8.70)
397 392 m g2 m
SoONR) = —aotltom? NE_ 53 g F(— AR SARF(—+), (871
~ (4 3 m 3cRr2
ES,%])%((SNR) = —epmi + W(&Rl — ¢Ro — 4cgz)mi log M—; + Wmf‘r
s s
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3 g% m2 4
[, log —% 1
4(47Tf7|—)2 MNO < Og 2 + mﬂ—

o
_ 5 _ _INRy 2
+(47rf77)2 (cr1 —en1) |mEdN T ( ovn h )+ 37

_ 3 g]2VR <logm72r + 1> mt _ 99]2VR 551\/3]_- _ Mg
4(4m fr)? Mo 2 T 2(4nfr)? Mo ONR
2
N 252 g Mn _OAR\ | 4
30 (= ca) | m2RaT (- 51 < 02)
5 g2AR (10 77172r+9> m4 QZAR 64AR J—_-( Mn

TRATS)2 Mo \ P2 T 10) "' T 24m2 2 Mno” " danr
3 2 <2 My ONR 4
_471-2.]"7% CNRYRINR [mwaNRH(_(SNR7 —7) + My | . (872)

Mixed terms between nucleon and Roper

e |
(@) (b)

Figure 8.8: Leading order diagrams of mixed terms between nucleon and Roper. Other nota-

tions are the same as in Fig. 8.3.

,’ \\ 4 \ 4 \
¢ — . & . —
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//’_\\\ /// \\\ /// \\\
/ \ ! \ 1 \
 : » = — @ —— ®
(d) (e) 1]

Figure 8.9: Next-to-leading order diagrams of mixed terms between nucleon and Roper. Other

notations are the same as in Fig. 8.1.

Because Roper, as the first excitation state of nucleon, has the same quantum numbers as
nucleon, there exists mixing between nucleon and Roper which is allowed by chiral symmetry.
According to the mass formulas of nucleon [Eq. (8.57)] and Roper [Eq. (8.59)], we only need
the mixed contributions up to NLO, including Eg\Qf}i’ Eg])\,, EE\?;ZQ, and Egj)v As illustrated in

Fig. (8.8), the mixed term up to leading order is
=@ =52 = —deypm?. (8.73)

At O(e?), the one-loop diagrams contributing to the mixed terms ng?f’%a and Eg])\, are shown

in Fig. 8.9. The mixed terms Zg\?}}z and Eg])\, have the same loop structure as ES}V, and can

be expressed as
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3949NrR 3 hagar 3 My 39NRIR 3 My
— — 1) — 1) —). 8.74
3271_'](-72 mg 127T2f72|- NA (5NA) (47Tf7r)2 NR]:( 5NR> ( )

8.5 Results and Discussion

Up to now, we have obtained the chiral expansions of the self-energies of nucleon, Delta, and
Roper up to NNLO. Now, we can give explicit expressions of the baryon masses and widths.
As a tentative application, we would like to simultaneously analyze the lattice data of nucleon,
Delta, and Roper masses to explore the quark mass dependence of Roper mass and the nucleon-
Roper mixing effects.

8.5.1 Nucleon, Delta and Roper masses

In terms of Eqs. (8.57-8.59), we could explicitly write out the expressions of nucleon, Delta
and Roper masses at O(g%).

e The nucleon mass My is

My = Mpyy— 40]\/177172r — 32‘3(‘2}7gm§r — <eN1 — 1?;?:%) mfr
+W [3cna + 32(ent — ca1)h + 48(ent — cr1)givg — 96CNRIAGNR) Ty
- 2567;% (42 1 312, + A% — Wmi - 640?\/3(50]21\\[/; —em) g
+12871T2f72r [6(8ch — cng — 4ens) — —NO(Ggi + 5h% + 6g12VR)} m2 log 7;‘5“
e (s 2 KNI )
—|-47Th2’247%(CN1 - CAl)mi(S]QVAj ((;ZZ,%)
_ 32?5’1;3 enrm20% g H <§Z’; ‘SZR> . (8.75)

e The Delta mass Mx is
Ma = Mpyo+dna — dearm? 255 — earmy

T 86Amf2 T

9cag + 64cnphagar)ma

+ ! (
38472 f2

- [95H% — 3(h? 2 4
2

1 ) 2 2 2 4 m
+71536772f7% |:72(86A1 —ca2 —4eas) — Mo (5H3 + 3hi + 3gAR):| m; log 2
h% < 3 55?VA> My JAR < 3 5531%) My
+—>=a2 [ 2608 — —= | F(— - 20Ap + F(—
6(4rfr)2 \" V2 Mg ( 5NA) 6(4mfr)2 \7 2R T Mg (5AR)




8.5. Results and Discussion 111

h,%x 2 (2 My OINA
+ (47Tf7-r)2 (CAl - CNl)mﬂéNAj(_(SNA ’ 1 )
2
IAR _ 2 2 Mr OAR
+ (47Tf7r)2 (CAl CRl)mﬂ'dARj( 5AR’ [ )
2h
—a NG, . b ) (8.76)

e The Roper mass Mg is

3g7 16¢2
Mgr = MN0+5NR_4CR1m3r_ IR m?r— eRr1 + ‘NER mk
327 f2

+W7T2f2 [3CR2 + 32(CR1 - CA1)92AR + 48(031 — CNl)g]2\/'R — 96CNRQR9NR] m;lr
3 3eNrgagNR 5 G4ckm(cr —cn1) g
2567T2f7%MN0 47Tf7%5NR ™ 5?\[}% T
s |6(8crt — cro — ders) — ——(6g% + 6gp + 593 ) m‘"log"ﬁr
12872 f2 R R B Mo TR NR AR ™ 12

3 30NR My 16cNRGRGNRME . Mg
+327T72fg5§)’v5: [912\7}2 <2 ) F(— )+ F( )

(49% + 49X g + 39AR)Ms +

- My ONR ONR OvR
e (o 3) 2 )
-t (- -5)
+4?T%I;E(CR1 — ca1)mzORpT <_<;Z;’ _(sAMR>
_3271:29}\%RCNRm72T(512VRH <— (;Z;, —5NMR> : (8.77)

We want to mention that, the chiral expansions of nucleon, Delta and Roper masses have
been carried out in Refs. [73, 81, 256, 259, 285, 286, 305]. Our nucleon mass, without the virtual
Delta and Roper contributions, is the same as Eq.(11) of Ref. [73] and Eq.(A.1) of Ref. [305].
But, for the nucleon and Delta masses, even without the virtual Roper contributions, our
results are different with Ref. [259], which did not perform the expansion in dax and dgry.

8.5.2 Delta and Roper widths

The width of resonance can be obtained by the imaginary of self-energy with I'g = —2Im[X5].
By using the Eq. (8.58) and Eq. (8.59), we obtain:

e The width of Delta I'A

T h? 50N A
x = & A (52 232 (9 _
h2
—SFW(CAl — ch)éNAmfr 512\7A — m2
— T ((Sna — 0 — 2, 8.78
3 (47Tf7r)QCNR5NR(( NA — ONR)” — mi) (8.78)
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e The width of Roper '

I'rp = (ng;:f ( 3gNR5éVR +16grenRy = 1) (6%r — m2)*?
+1g7AT§2 ( 5AR> (6Xp — m3)*/?
( ]2}7) (cr1 — cN1)MEONRY/ 03 — M2
—327 a %CR) (cr1 —ca1)m 5AR R —m2. (8.79)

In the next subsection, we will employ the widths of Delta and Roper to deter-

mine/constrain the values of the related LECs.

8.5.3 Analysis of lattice data of nucleon, Delta and Roper masses

Due to the unstable Roper state with m, < 500 MeV in LQCD, in principle, the lattice Roper
mass is not suitable to be studied in ChPT. As illustration of our calculations, we would like
to perform the chiral extrapolation of Roper mass by analyzing the lattice data.

However, because there is a large number of LECs (24) appearing in the nucleon, Delta,
and Roper masses up to NNLO, we do not expect to determine all the LECs by just fitting the
lattice baryon masses. In order to tentatively study the chiral extrapolation of Roper mass,
we would like to utilize the NLO baryon masses, which contains 10 unknown LECs (mg, dan,
ARN, CN1, CAl, CR1, CNRs YNR, JAR, and gr), to simultaneously study the lattice data of

nucleon, Delta, and Roper masses and their experimental results.

Table 8.1: Values of the LECs from the best fit to the nucleon, Delta, and Roper lattice data

and experimental results.

Fit-I Fit-11
Mno 853(2) 854(3)
SAN 304(11) 310(5)
SRN 237(141) 535(54)
CN1 —1.36(1) —1.35( )
CAL -1.19(10) -1.07(5)
CR1 -5.79(2.97) -0.450(486)
CNR 0+0.147 0+0.231
INR 0.390(64) 0.391(64)
9AR 2.00(49) 2.03(48)
IR 3.26(160) 0+3.69
x2-N 20.98 20.85
Y2-A 4.66 4.28
Y2-R 5.39 0.16

x?/d.o.f. 1.15 1.01
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Figure 8.10: Chiral extrapolation of nucleon mass. Left panel and right panel are the results
from Fit-I and Fit-1I, respectively.

At present, there are many lattice simulations on the nucleon mass, such as the ny = 2 sim-
ulations from the ETM [306], Mainz [307], QCDSF [308], and BGR [165] collaborations, and
the ny = 2+ 1 simulations from the PACS-CS (23|, LHPC [25], HSC [26], RBC-UKQCD |[241]
and BMW [22] collaborations. For the lattice Delta masses, several collaborations have re-
ported their results, the ETM [306] and BGR [165] collaborations with ny = 2, and the
PACS-CS [23], HSC [165] collaborations with ny = 2 + 1. But the situation for the lattice
Roper masses is unsatisfactory. As mentioned in Chapter 2, the lattice data of Roper masses
from the CSSM [163], JLab [164], BGR [165]|, Cyprus [150] collaborations is large different
with the results of yQCD [167] simulation. In the sense of the tentative study of lattice Roper
masses, we could divide the lattice results of Roper masses into two groups: one group is from
the CSSM, JLab, BGR, and Cyprus collaborations, another from yQCD Collaboration.

In the following, we perform a simultaneous fit of the nucleon, Delta, and Roper masses of
the LQCD by using the chiral expansions of baryon masses at O(¢®). The lattice data should
fulfill m2 < 0.15 GeV? to ensure the validity of NLO ChPT. After selection, the number of
lattice points is 25 for the nucleon, 6 for the Delta, and 6(4) from group one (two) for the
Roper. We denote the lattice data points of nucleon, Delta, and lattice data of Roper masses
from group one as Set-I. And, Set-II contains the same nucleon and Delta lattice data as Set-I
and the lattice Roper masses from group two. The pion decay constant f, is taken its latest
experimental result fr = 92.1 MeV [15|. The nucleon-Delta coupling h 4 is fixed as hq = 2.09
by using the Delta width. And, the nucleon-Roper and Delta-Roper couplings gygr and gar
are constrained by the Breit-Wigner width of Roper I'p = 350 4+ 100 MeV.

We perform a y?2 fit to the lattice data and the physical baryon masses. The obtained LECs
and x?/d.o.f. from the best fits are tabulated in Table 8.1. Besides, the fit-x? for nucleon, Delta,
and Roper are also given. The two fit strategies, named as Fit-I and Fit-II, give essentially the
same description of nucleon and Delta masses of LQCD. This is also illustrated in Fig. 8.10
and Fig. 8.11 of the chiral extrapolation of lattice data. Due to the large difference of the fitted
Roper masses in Set-I and Set-II, we can see that the values of LECs related to Roper masses,
e.g. OrN, CRr1, are very different. In Fig. 8.12, we present the quark mass dependence of Roper
masses from Set-I (left panel) and Set-II (right panel). As we expected, the lattice data from
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the CSSM, JLab, BGR, Cyprus collaborations present a large chiral-log effect, whereas the
xQCD results give a mild quark mass dependence of Roper mass. In Fit-I, as anticipated, the
Roper-nucleon mass difference in the chiral limit is relatively small, and comparable to the
Delta-nucleon splitting. The value of cyr ~ 0 denotes that the mixed effects of nucleon and
Roper are very small at O(p3). But, on the other hand, the sizable error of ¢y also indicates
the mixing effects should be carefully investigated when better lattice data becomes available.
And, it would be interest to study its effects up to NNLO.

25 — T

| — Fitl

| e+ Cssm

| =+ JLAB

| e+ BGR
3 2 %
S o)
8 8
= I =
215 2
X | 4

1 1 1

0 0.05 0.1 0.15
M2[Gev?]

Figure 8.12: Chiral extrapolation of Roper mass.
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CHAPTER 9

Conclusion

The origin of mass of ordinary matter is linked to the origin of nucleon masses. The components
of a nucleon mass can be divided into two parts: one is the three valence quark masses from
the Brout-Englert-Higgs mechanism, which can only provide 1% contributions, and the other
is from the nonperturbative strong interaction, which accounts for ~99% of the nucleon mass.
In this dissertation, we present an integration of chiral perturbation theory and lattice QCD
to study lattice baryon masses and to understand the mechanism of the origin of mass.

In the SU(3) sector, we performed a systematic study of the lattice results of lowest-lying
octet and decuplet baryon masses in covariant baryon chiral perturbation theory with the
extended-on-mass-shell renormalization scheme.

e For lowest-lying octet baryons, we calculated the baryon self-energies up to next-to-next-
to-next-to-leading order in the chiral expansion by using EOMS BChPT. The corre-
sponding finite-volume corrections to the lattice data were evaluated up to O(p*). By
constructing the discretized BChPT for Wilson fermions, we obtained the finite lattice
spacing discretization effects of lattice QCD. Then, we performed a systematic study of
lattice baryon masses from the PACS-CS, LHPC, QCDSF-UKQCD, HSC, and NPLQCD
collaborations by exploring the chiral extrapolation of baryon masses, and evaluating
finite-volume and finite lattice spacing discretization effects of LQCD.

We confirmed that covariant BChPT in the three-flavor sector converges as expected,
relatively slowly as dictated by My /Achpr but with clear improvement order by order,
at least concerning the octet baryon masses. A successful simultaneous fit of all the
latest 2+1 flavors LQCD simulations indicates that the lattice octet baryon masses are
consistent with each other, though their setups are quite different. We also found the
finite-volume corrections of LQCD are important. And, for the lattice discretization
effects, our studies showed that the treatment of discretization effects as systematic
uncertainties in the previous studies of the LQCD octet baryon masses seems to be
justified. It was shown that the discretization effects on the octet baryon masses are
less than 2% for lattice spacings up to 0.15 fm, in agreement with other LQCD studies.
Furthermore, it is also shown that the contributions of virtual decuplet baryons affect
little the light-quark mass dependence of the octet baryon masses, indicating that their
effects can be embodied in the LECs of the octet only version. On the other hand, a
slightly better description of FVCs can be achieved once virtual decuplet baryons are
taken into account.

e Applying the obtained chiral formulas for the octet baryon masses at O(p*), we have
performed an accurate prediction of the octet baryon sigma terms by systematically ana-
lyzing the high statistic lattice baryon masses from PACS-CS, LHPC, QCDSF-UKQCD
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collaborations. We found o,n = 55(1)(4) MeV and osn = 27(27)(4) MeV. Special at-
tention was paid to uncertainties induced by the lattice scale setting method, which,
however, were found to be small, in contrast with previous studies. Other uncertainties,
such as those induced by truncating chiral expansions and variations of LECs were also
studied in detail. In addition, we have used the strong-interaction isospin-splitting effects
from the LQCD simulations to further constrain the relevant LECs. Our results indi-
cate a small scalar strangeness content in the nucleon, consistent with the strangeness
contribution to the proton spin and to the electromagnetic form factors of the nucleon.

e As a natural extension, we have also studied the lowest-lying decuplet baryon masses in
covariant baryon chiral perturbation theory with the extended-on-mass-shell scheme up to
next-to-next-to-next-to-leading order. Through a simultaneous fit of the ny = 2+1 lattice
data from the PACS-CS, QCDSF-UKQCD, and HSC collaborations, the 14 unknown low-
energy constants are determined. In fitting the lattice data, finite-volume corrections are
taken into account self-consistently. A x?/d.o.f. = 0.23 is achieved for the eight sets of
lattice data satisfying M2 < 0.25 GeV? and MyL > 3.8.

Our studies show that the chiral expansions are convergent as expected and the results of
the PACS-CS, QCDSF-UKQCD, and HSC collaborations seem to be consistent with each
other, but not those of the LHPC Collaboration which employs the hybrid action. We
have predicted the sigma terms of the decuplet baryons by use of the Feynman-Hellmann
theorem, which should be compared to the lattice data in the future. It should be noted
that our present study suffers from the limited range of the LQCD data (in terms of
the input parameters) and the rather large number of unknown low-energy constants.
Future refined LQCD simulations with various light-quark and strange quark masses,
lattice volume and lattice spacing will be extremely welcome to put covariant baryon
chiral perturbation theory to a more stringent test than did in the present work.

From the above studies, we present a nice interplay of lattice QCD and chiral perturbation
theory to study the lowest-lying baryon masses. By performing the chiral extrapolation of
lattice baryon masses to the physical point, we could reproduce the baryon masses. This could
confirm that the nonperturbative strong interaction can provide the 99% of nucleon (baryon)
masses.

With the studies of excited states becoming popular in lattice simulations, we also explored
the chiral corrections to the self-energies of Roper, the first excitation state of nucleon. We
performed a systematic study of the nucleon, Delta and Roper masses and widths in an ex-
tension of chiral perturbation theory that includes the Delta-nucleon and Roper-nucleon mass
differences as expansion degrees of freedom. The contributions due to the mixing between
nucleon and Roper induced by explicit chiral symmetry breaking were taken into account ex-
plicitly. The virtual Roper effects on the nucleon and Delta masses were evaluated up to
next-to-next-to-leading order, as well as the effects of the nucleon and Delta in the Roper mass
and width.

Lattice QCD has been successful to calculate many physical properties of lowest-lying
states. The ground-state hadron spectrum is well understood [128], and the corresponding
numerical artifacts from continuum extrapolation and finite-volume corrections are well con-
trolled. Therefore, computing the spectrum of excited mesons and baryons in lattice QCD



117

becomes interesting. At present, there are several lattice collaborations which performed the
study of excited hadron spectrum, such as the CSSM Collaboration [309-311|, the BGR Col-
laboration [165, 312|, the HSC Collaboration [313, 314], the Cyprus Collaboration [150, 166].
But, such calculations are still very challenging. Although, in this dissertation, we have studied
Roper mass in chiral perturbation theory, the corresponding lattice Roper mass is not very
clear and not suitable to perform the chiral extrapolation. We believe that, in the future, when
the lattice QCD studies of Roper mass are mature, we can then use the same ideas to perform
a systematic study of Roper mass by including the finite-volume corrections and finite lattice
spacing discretization effects. Furthermore, we also want to study the nucleon axial charge ga
including the Roper effects and the Roper axial charge gr in chiral perturbation theory.

In this dissertation, the isospin symmetry between u and d quarks is always taken exactly
with m, = mg = my in the lattice baryon masses and the chiral corrections to baryon self-
energies !. Although the difference between u, d quarks is very small, it plays important roles
in the study of low-energy physics. If one understands the baryon mass splitting from isospin
symmetry breaking, especially for the proton and neutron masses splitting, it would be very
helpful to the study of 8 decay and to explore new physics [315]. More recently, with the
advance of computer techniques and computational resources, the effects of isospin symmetry
breaking are starting to be included in lattice simulations. There are several studies of nucleon
and baryon masses combining QCD and QED [247, 248, 316-322|. In Ref. [323], Davoudi and
Savage have studied the electromagnetic corrections to the masses of meson, baryon and nuclei
in a finite volume. In a near future, we would like to construct chiral effective Lagrangians
including virtual photons, and study the electromagnetic corrections to the octet baryon masses
in chiral perturbation theory.

Furthermore, studies of hadron resonance structure become a hot topic with the discovery
of the exotic (X, Y, and Z) hadron states by experiments. Although chiral perturbation theory
is a powerful theoretical tool to study the low-energy physics, its application energy region is
around 1 GeV. Therefore, unitary chiral perturbation theory (UChPT) [324, 325|, which em-
ploys unitary techniques to conventional chiral perturbation theory, enables the study of higher-
energy regions and describes low-lying resonances. With my collaborators, we have studied five
different subjects: (1) We studied for the first time the antineutrino-proton reactions to produce
the A(1405) by using the UChPT, which generates two A(1405) poles [326]; (2) We presented a
new reaction 7.(1:(25)) — ¢K*K* to generate the h1(1830) by using UChPT, which can pro-
vide a suggestion for experimentalists to confirm the existence of hi(1830) state [327]; (3) We
calculated the interaction kernel up to O(p?) to generate the lowest-lying axial-vector mesons
in the UChPT to explore the effects of higher order contributions [328]; (4) We calculated
the energy levels of the K K* system in the f;(1285) channel in finite volume by utilizing the
UChPT [329]; (5) With the three-body resonances drawing much attention, we also studied the
p, D*, D* three-body system by using the fixed-center approximation to the Faddeev equation
in Ref. [330]. Recently, With the discovery of pentaquark states P.(4380)" and P.(4450)% by
LHCD [331], it would be interesting to explore the nature and the properties of pentaquark
states with those methods.

We want to mention that, in Appendix D, the strong isospin-breaking effects are calculated.






APPENDIX A

Ny =2+ 1 Lattice QCD simulation
results

In this section, we briefly summarize some key ingredients of the LQCD simulations of the
PACS-CS 23], LHPC [25], HSC |26], QCDSF-UKQCD |[28] and NPLQCD [29] collaborations,
which are relevant to our study. In addition, we tabulate the simulated octet baryon masses
in physical units, which satisfy M2 < 0.5 GeV?2, M?( < 0.7 GeV?, and the pseudoscalar meson
mass times lattice box size MyL > 3.

PACS-CS [23]

The PACS-CS Collaboration employs the nonperturbatively O(a)-improved Wilson quark ac-
tion and the Iwasaki gauge action. Numerical simulations are carried out at the lattice spacing
of a = 0.0907(14) fm, on a 323 x 64 lattice with the use of the domain-decomposed HMC
algorithm to reduce the up-down quark mass, which is about 3 MeV. For the strange quark
part they improve the PHMC algorithm with the UV-filtering procedure. Their simulation
points cover from 701 MeV to 156 MeV, but the lightest point has a M, L ~ 2.9, which might
induce large finite volume corrections.

Table A.1: Masses of the pseudoscalar mesons and the octet baryons (in units of MeV) obtained
by the PACS-CS Collaboration (TABLE IIT of Ref. [23].) The first number in the parentheses
is the statistical uncertainty and second is that from the uncertainty of the lattice spacing.
The lattice data sets with stars demand M, < 500 MeV and MyL > 4.

M, My mpy mA my ms

155.8 553.7 | 932.1(78.3)(14.4) 1139.9(20.7)(17.6) 1218.4(21.5)(18.8) 1393.3(6.7)(21.5)

(
«205.7 5935 | 1093.1(18.9)(16.9 )
«384.4 5814 | 1159.7(15.4)(17.9) 1274.1(9.1)(19.7)  1316.5(10.4)(20.3)  1408.3(7.0)(21.7)
« 4112 635.0 | 1214.7(11.5)(18.7)  1350.4(7.8)(20.8)  1400.2(8.5)(21.6)  1503.1(6.5)(
569.7 713.2 | 1411.1(12.2)(21.8)  1503.8(9.8)(23.2)  1531.2(11.1)(23.6)  1609.5(9.4)(
7014 789.0 | 1583.0(4.8)(24.4)  1643.9(5.0)(25.4) (5.4)(

~— ~— — —

1654.5(4.4)(25.5)  1709.6(5

1253.8(14.1)(19.4)  1314.8(15.4)(20.3)  1447.7(10.0)(22.3)

23.2)
24.8)
26.4)

LHPC [25]

The LHPC Collaboration calculates the light hadron spectrum in full QCD using a mixed
action that exploits the lattice chiral symmetry provided by domain wall valence quarks (the
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DWF valence quark action) and ensembles of computationally economical improved staggered
sea quark configurations (the so-called asqtad action). The lattice spacing is determined to be
a = 0.12406(248) fm and the lattice volume is 20 x 64 . The range of pion masses simulated
in this work extends from 758 MeV down to 293 MeV.

Table A.2: Masses of the pseudoscalar mesons and the octet baryons (in units of MeV) ob-
tained by the LHPC Collaboration (TABLE II, TABLE VI, TABLE VII of Ref. [25]). The
uncertainties have the same origin as those in Table A.1.

M7r MK my ma my mz=
292.9 585.6 | 1098.9(8.0)(22.0) 1240.5(4.8)(24.8) 1321.6(6.4)(26.4) 1412.2(3.2)(28.2)
% 355.9  602.9 | 1157.8(6.4)(23.1)  1280.2(4.8)(25.6) 1350.2(4.8)(27.0) 1432.9(3.2)(28.6)
%4951 645.4 | 1288.2(6.4)(25.8) 1369.3(4.8)(27.4) 1409.1(6.4)(28.2) 1469.5(4.8)(29.4)
596.7 685.6 | 1394.8(6.4)(27.9)  1440.9(8.0)(28.8) 1463.1(9.5)(29.2) 1504.5(8.0)(30.1)
687.7 728.1 | 1502.9(11.1)(30.0) 1528.3(9.5)(30.6) 1536.3(9.5)(30.7) 1557.0(9.5)(31.1)

HSC [26]

The HSC Collaboration uses a Symanzik-improved action with tree-level tadpole-improved
coefficients for the gauge sector and the anisotropic clover fermion action for the fermion
sector. The lattice spacings are a; = 0.1227(8) fm and a; = 0.003506(23) fm in spatial
and temporal directions, respectively. The simulations are performed at four different lattice
volumes 123 x 96, 163 x 96, 163 x 128, and 243 x 128. The simulated pion masses range from
383 MeV to 1565 MeV. For our purposes, we only need those data with M2 < 0.5 GeV2. The
pseudoscalar meson masses and corresponding octet baryon masses are listed in Table A.3.

Table A.3: Masses of the pseudoscalar mesons and the lowest-lying baryons (in units of MeV)
obtained by the HSC Collaboration (TABLE VI and TABLE VII of Ref. [26]). The uncertain-
ties have the same origin as those in Table A.1.

M, My muy mA ms mse
* 383.2 543.6 | 1147.5(10.7)(7.5) 1243.1(8.4)(8.2) 1287.0(8.4)(8.4) 1347.8(6.8)(8.8)
388.9 545.9 | 1164.9(22.5)(7.6) 1226.8(16.9)(8.0) 1288.7(16.9)(8.5) 1345.0(11.3)(8.8)
x 448.5 580.8 | 1238.1(16.9)(8.1) 1328.1(11.3)(8.7) 1361.9(16.9)(8.9) 1412.5(10.7)(9.3)
560.5 646.6 | 1361.9(22.5)(8.9) 1440.6(16.9)(9.5) 1457.5(22.5)(9.6) 1496.9(16.9)(9.8)

QCDSF-UKQCD |[28]

The QCDSF-UKQCD Collaboration employs the particular clover action, which has a single
iterated mild stout smearing, and the (tree-level) Symanzik improved gluon action, which
contains the gluon action and the three-flavor Wilson-Dirac fermion action. The simulations
are carried out at the lattice spacing of a = 0.075 —0.078 fm, on 163 x 32, 243 x 48 and 323 x 64
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lattices. The resulting pion masses range from 229 MeV to 449 MeV. In the simulations, they
kept the singlet quark mass fixed and tuned the quark masses to ensure that the kaon always
has a mass less than the physical one. It should be noted that in Table A.4 we did not tabulate
the 16 x 32 and the 323 x 64 three-flavor simulation results, which have meson masses out of
the range specified above.

Table A.4: Masses of the pseudoscalar mesons and the lowest-lying baryons (in units of MeV)
obtained by the QCDSF-UKQCD Collaboration (TABLE XX, TABLE XXII and TABLE
XXIIT of Ref. [28]). The uncertainties have the same origin as those in Table A.1.

]\47T MK my ma my, mz=
229.3  476.9 | 996.7(22.1)(3.8) 1181.5(16.1)(4.3)  1181.6(9.7)(4.5)  1263.7(4.7)(4.8)
274.9 462.7 | 1027.1(15.1)(3.9) 1119.3(14.4)(4.3)  1164.0(9.2)(4.4)  1233.7(5.2)(4.7)
¥ 319.1 448.8 | 1059.0(12.4)(4.0) 1128.5(10.7)(4.3) 1165.6(8.2)(4.4)  1217.8(5.2)(4.6)
332.6  461.1 | 1108.4(16.4)(4.0) 1193.7(14.1)(4.4) 1201.9(10.4)(4.4) 1257.8(7.9)(4.6)
358.4 449.0 | 1153.5(11.4)(4.1) 1195.0(12.2)(4.3) 1218.5(8.9)(4.4)  1254.5(6.9)(4.5)
392.9 436.5 | 1175.6(16.9)(4.2) 1189.8(14.4)(4.3) 1208.9(13.6)(4.4) 1225.5(11.9)(4.4)
420.9 420.9 | 1194.0(8.2)(4.3)  1194.0(8.2)(4.3)  1194.0(8.2)(4.3)  1194.0(8.2)(4.3)
457.3  399.3 | 1234.9(6.2)(4.5) 1205.9(10.7)(4.4) 1189.0(7.7)(4.3)  1161.2(9.7)(4.2)

NPLQCD |[29]

The NPLQCD Collaboration mainly studied finite-volume effects on the octet baryon masses.
Simulations are performed with ny = 2 4 1 anisotropic clover Wilson action in four lattice
volumes with spatial extent L ~ 2.0, 2.5, 3.0 and 3.9 fm. The anisotropic lattice spacing in
the spatial direction is bs ~ 0.123 fm and b; = bs/3.5 in the time direction. The pion mass is
fixed at M, ~ 390 MeV.

Table A.5: Masses of the pseudoscalar mesons and the lowest-lying baryons (in units of MeV)
obtained by the NPLQCD Collaboration (TABLE II of Ref. [29]). The uncertainties have the
same origin as those in Table A.1.

]\47r MK my ma my m=
387.8 544.4 | 1182.1(5.4)(7.7) 1263.3(5.1)(8.2) 1286.6(4.3)(8.4) 1361.5(4.1)(8.9)
% 387.8 544.4 | 1164.0(3.2)(7.6) 1252.0(2.6)(8.2) 1280.5(3.0)(8.3) 1356.4(2.6)(8.8)
% 387.8 544.4 | 1151.6(2.5)(7.5) 1242.3(2.6)(8.1) 1282.7(2.2)(8.4) 1349.3(2.1)(8.8)
% 387.8 544.4 | 1151.3(2.6)(7.5) 1241.2(2.2)(8.1) 1279.0(2.8)(8.3) 1349.2(2.0)(8.9)







APPENDIX B

Feynman Rules

Here we would like to collect the relevant Feynman rules in the calculation of octet and decuplet

baryon masses.

Propagators

Pseudoscalar meson propagator:

k i
_________ > k27m2+i€
Octet baryon propagator:
P i
> p—mo+tie

Decuplet baryon propagator:

3/2
p —iPil’ (p)
?—mD—FiE'

\'V =

The covariant spin-3/2 projection operator is defined as

1 1 d—2
3/2() — - - - __ Y7
Pp,z/ (p) Iuv d_ 17;[}/71“ (Cl — 1)mD (7,upu +pu7u) (d — 1)m2Dpupm

in d dimensions.

Vertices

For the calculation of octet baryon masses

From £<(1>1E)3:

(B.1)

(B.2)

(B.3)

(B.5)
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From E((;g;:
k
Co o 1, ikt by by ey
p K
=
From EE;J%D:
é k X ku(p — K)oyt

For the calculation of decuplet baryon masses

From 'C((;slz))’
é g o Tpkyu(p — k)v 177" T
p .
From £<(1>21)):
i
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p N
i
From L',((;gD:
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(B.6)
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Loop Integrals

Feynman parameterization

The Feynman parameterization is a way to fraction with a product in the denominator:

1 1 1 1 01—z —x0— - —p)
- = -] d des--- | dap (C1
AdyA, — 1 )/o xl/o 2 /0 I ey T Agaa 4+ Ay

invented by Richard Feynman to calculate loop integrals.

In our studies, we use the following Feynman parameterization:

1 1
AB /0 e T BA =2 (©-2)
1 1 11—z 1
ABC:/O dac/o dy[Aa:—i—By—i—C(l—x—y)P' (©3)

Loop functions

In the calculation of the loop diagrams, we have used the d-dimension integrals in Minkowski
space:

(k2 — M2)»

with e = (4 —d)/2. And, g§'"*2n = g@1%2... g*n-1%2n 4 ... ig a combination symmetric with

— QnF()\) (MQ))\*TL+572’ (C.4)

respect to the permutation of any pair of indices. After expansion in powers of € up to O(e),
we can easily obtain the following integral identities:

ol e - el
B A AT P
iu4_D/ (;l:)lD (2 _1/\42)3 - _# [_2j\/112]’ (C8)
™ [ (jf)lD @ —lajfﬂ)&‘ = g™ [R“()g//\f?]’ )

=P / 0L 1P L aved [y s 10g 20| 2 (C.10)
a @mP (12— M2P 128727 Sz '
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where 1
R= z + log(47m) — , (C.11)
(ab) _ 1 ab

1
gga,b,c,d) _ 1(gabgcd +gacgbd _i_gadgbc)‘ (Cl3)



APPENDIX D
Strong isospin-breaking effects on
octet baryon masses

In Chapter 5, the chiral expansions of octet baryon masses are obtained under the assumption
that the isospin symmetry of u, d quarks is always conservation. Although the isospin breaking
corrections to the octet baryon masses are small in comparison with octet baryon masses, as
pointed in Ref. [332], their effects are of fundamental importance to describe the structure of
ordinary matter.

There are two different sources of isospin symmetry breaking. One is from the small
difference between the masses of v and d quarks, which are contributed by strong interaction.
Another one is from the electric charge differences between u and d quarks. In this section, we
would like to focus on the former one and calculate the strong isospin-breaking effects on the
masses of pseudoscalar meson and octet baryon at O(p?).

Isospin breaking effects to pseudoscalar meson masses

Expanding the lowest order meson Lagrangian [Eq. (3.38)] in powers of meson fields, one can

obtain
B
E((;) = Bo(my +mg)(rTn7) + %(mu + mg) (77°)
+Bo(my +ms)(KTK ™) + Bo(mg + ms)(K°K?)
B 1
+ 22 (my, 4+ mg + 4mg) (n?) — —=(my — mg)(7°n) (D.1)

6 V3

Because the masses difference between u and d quarks, mixing of 7° and 1 would be appear.
In order to remove the mixing to obtain the meson masses, one should rotate the meson field

with
0 . 0
T . Cf)S(E) sin(e) T ’ (D.2)
n sin(e)  cos(e) n
where the lowest order mixing angel ¢ is

\/g(md - mu)

tan(2e) = : D.3
an(2e) DT ———— (D.3)
Therefore, the meson masses can be expressed at leading order ! as
2B sin?(g)
2 0
MZ. = DBy(my+mg) — T(st — My — md)cos(Ze)’ (D.4)

"Under CPT symmetry, M, + = M, -, My+ = My—, and Mo = Mgo.
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Mz, = Bo(mg+ms), (D.5)

M%:. = Bo(my +ms), (D.6)
B 2B, sin’(e

Mg — ?O(mu+md+4ms)+70(2ms _m“_md)cos(;e))' (D.7)

Up to next-to-leading order, the contributions to the meson masses by including the effects
of isospin breaking read as

1 By 2,2
M2 = =0 Z Epr Hp(MS7)
¢ 2 2 @, HEo M g
1674 Fy 36 ot O K KO
_SBS
Fg
&zu,udmumd + fqb,usmums + gqﬁ,dsmdms) » (DS)

(Eouumis + Ep.dama + Epssma+

where M;’Q and M£’4 denote the M; at the leading order and the next-to-leading order,
respectively. The corresponding coefficients £y o and &4 4o are listed in Tables (D.1-D.5) and
Table D.6. The loop function Hy is

2
2,2 2,2 I
¢/
Table D.1: The coefficients £, 4 in Eq. (D.8).
e
§¢,ﬂ-i 0
Epom0 —5my — 5mg — 2ms — 12(ma, + mg) cos(2e) — (Mmy + ma — 2m;) cos(4e) + V/3(ma — my,) sin(4e)
Eoom —5my — 5mg — 2my + 12(may, + ma) cos(2e) — (Mmy + ma — 2m,) cos(4de) + V/3(ma — my,) sin(4e)
§¢7Ki 0
£4.50 0
Table D.2: The coefficients &4 o in Eq. (D.8).
71_0
gd%ﬂ'i 2 (75777,u — 5mg — 2ms — 12(my + my) cos(2e) — (my + mg — 2ms) cos(4e) + V3(mg — mu)sin(4s))
€40 2 (G(mu +mg 4+ ms) + 4(may + mg — 2ms) cos(2e) — (M + my — 2ms) cos(de) — V3(my — muy)(4sin(2e) + sin(4s)))
. 2 (2(mu + mg + ms) + (my + mg — 2ms) cos(de) + V3(mg — my,) sin(de) )

£¢,Ki 2 (—Smu — 2mg — 5mg + 6(my, + ms) cos(2e) — (mg — 2my, + myg) cos(4e) — V3 ((mg — ms) sin(4e) 4 6(my, + ms)sin(25)))
€¢>,K0 2 (—2mu —5mg — 5ms + 6(mg + ms) cos(2e) — (my, — 2mg + ms) cos(4e) + V3 ((my — ms)sin(4e) + 6(mg + ms) sin(25)))

Table D.3: The coefficients £, 4 in Eq. (D.8).

n
éd)‘ﬂ'i 2 (75mu — 5mg — 2mg + 12(my + mg) cos(2e) — (mqy + myg — 2ms) cos(4e) + V3(mg — my) sin(4s))
54),7(0 2 (Z(mu 4+ mg +ms) + (my +mg — 2myg) cos(4e) + V3(mg — my,) sin(45))
[ 2 (6(mu +mg +ms) — 4(my + mg — 2mg) cos(2e) — (my + mg — 2ms) cos(de) + V3(mg — my, ) (4sin(2e) — sin(4s)))

5¢ KE 2 Ef5mu —2mg — 5ms — 6(my + ms) cos(2e) — (mg — 2my + ms) cos(4e) — V3 ((mg — ms) sin(4e) — 6(my + myg) 5111(25))3

54)‘1(0 2 (=2my, — 5mg — 5ms — 6(mg + ms) cos(2e) — (my, — 2myg + my) cos(4e) + V3 ((my, — ms) sin(4e) — 6(my + ms) sin(2¢))
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Table D.4: The coefficients &4 o in Eq. (D.8).

KT
o 0
{d),wo —5my, — 2mg — 5mg + 6(my + mg) cos(2e) — (mg + ms — 2my,) cos(4e) + V3 ((ms — my) sin(4e) — 6(my, + ms) sin(2¢))
[ —5my — 2mg — 5ms — 6(my + ms) cos(2e) — (mg + ms — 2my,) cos(4e) + V3 ((ms — my) sin(4e) + 6(my + ms) sin(2¢))
€4 K+ 0
€ KO 0
Table D.5: The coefficients £, 4 in Eq. (D.8).
KO
Co.mt 0
54),7‘_0 —2my, — 5mg — 5ms + 6(mg + mg) cos(2e) — (Mmqy + ms — 2mg) cos(4e) + V3 ((my, — ms)sin(4e) + 6(mg + my) sin(2¢))
[ —2my, — Bmg — 5ms — 6(myg + mg) cos(2e) — (my + ms — 2my) cos(4e) + V3 ((my — mg)sin(4e) — 6(mg + ms) sin(2¢))
ot 0
£ KO 0
Table D.6: The coeflicients £y 4o in Eq. (D.8).
T+ KT I
gd:,uu 2L4+ Ls — 4L — 2Lg 2L4+ Ls —4Lg — 2Lg 0
£¢>,dd 2L4 + Ls — 4L — 2Lg 0 2L4 + Ls —4Lg — 2Lg
Ep,ss 0 2L4+ Ls —4Le — 2Lg 2L4+ Ls —4Le — 2Lg
gd’»wi 4L4 +2L5 — 8Lg — 4Lg 2L4 —4Lg 2Ly, — 4Lg
Eb,us 2L4 —4Lg 4L4 +2L5 — 8Lg — 4Lg 2Ly —4Lg
£p,ds 2L4 —4Lg 2L4 —4Lg 4L4 +2Ls —8Lg —4Lg
7.‘.0
¢ é[G(QLAL + Ls —4Le — 4L7 — 4L8) + 2\/§sin(2€)(3L4 +2Ls —6Lg —6L7 —6Lg + L5 COS(QE))}
70, uu +é[2 cos(2¢e)(3L4 + 2L5 — 6Lg — 6L7 — 6Lg) — cos(4e)Ls]
¢ é[6(2L4 + Ls —4Lg — 4L7 — 4L8) — 2\/§sin(25)(3L4 +2Ls —6Lg —6L7 —6Lg + L5 COS(ZE))}
w0,dd +1[2cos(26)(3Ly + 2L5 — 6L — 6L7 — 6Lg) — cos(4e) L]
fﬂ.oyss %Sin2(2£) (3L4+ Ls —6Lg —6L7 — 6Lg — L5 cos(2¢))
20 ud 2 (3(4L4 + L5 — 8L6 + 4L7) + 2cos(2¢)(3La + 2L5 — 6L6 + 12L7) + 2 cos(4e)Ls)
%[3(4[14 + Ls — 8L¢g + 4L7) + \/38111(28)(3[/4 +2Ls —6Lg + 12L7 — 2L5 COS(2€))]
&0 us —2[cos(2¢)(3L4 + 2L5 — 6Lg + 12L7) + cos(4e) Ls)
%[3(4[14 + Ls — 8L¢g + 4L7) — \/5811’1(26)(3[/4 +2Ls —6Lg + 12L7 — 2L5 COS(2€))]
§x0.ds —2[cos(2¢)(3Ly + 2L5 — 6Lg + 12L7) + cos(4e) Ls]
n
%[6(21/4 + Ls —4Lg —4L7 — 4L8) — 2\/§sin(25)(3L4 +2Ls —6Lg —6L7 —6Lg — L5 COS(QE))}
En,uu —%[2 cos(2¢e)(3L4 + 2Ls — 6Lg — 6L7 — 6Lg) + cos(4e)Ls]
%[6(2[14 + Ls —4Le¢ —4L7 — 4Lg) + 2\/§Sin(25)(3L4 +2Ls —6Lg —6L7 — 6Lg — L5 cos(2¢))]
&n,dd 73[2 cos(2¢)(3L4 + 2Ls — 6L — 6L7 — 6Lg) + cos(4e)Ls]
En.ss S cos?(e) (3La + Ls — 6L — 6L7 — 6Lg + L5 cos(2¢))
én,ud 2 (3(4L4 + Ls —8Lg + 4L7) -2 COS(2€)(3L4 +2L5 —6Lg + 12L7) +2 COS(4€)L5)
¢ %9[3(4114 + Ls — 8Lg + 4L7) — \/38111(28)(3[/4 +2Ls —6Lg + 12L7 + 2L5 COS(2€))]
s +2[cos(2¢)(3La + 2Ls — 6L + 12L7) — cos(4e) Ls)
%[3(4[14 + Ls — 8L¢g + 4L7) + \/gsin(2a)(3L4 +2Ls —6Lg + 12L7 + 2L5 COS(2€))]
En.ds +2[cos(2¢)(3La + 2Ls — 6L + 12L7) — cos(4) Ls)

Strong isospin-breaking effects on octet baryon masses

The effective pseudoscalar meson-octet baryon Lagrangians have been given in Eq. (4.3) of
Chatper 4. Due to the isospin breaking of u and d quarks, the quark mass matrix ==
diag(my, my, ms) (with m; = m, = my) appeared in Eq. (4.3) should be replaced by M =
diag(my, mq, ms). After calculating the Feynman diagrams given in Fig. 4.1, we can obtain
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the strong isospin-breaking effects on octet baryon masses up to N3LO,

4)

mB—mo—l—mSB)—i—mSB)—i—m (D.10)

where the leading order contribution is

mg) = —51(3“7)uBomu - 51(;)dBomd - g(Ba’)SBOmS’ (D.11)
with the coefficients fl(;)u, fg)d, and 51(3(1,)3 tabulated in Table D.7.

Table D.7: The coefficients fg)u, fj(ga)d, and fg)& in Eq. (D.11).
B B i £
p 4(bg + bp + br) 4bg (bo +bp —br)
n 4bg 4(()0 +bp + bF) 4(50 +bp — bF)
A 3(3bo + bp) 3(3bo + bp) 3(3bo + 4bp)
ut 4(b0 +bp + bF) 4(1)0 +bp — bF) 4bg
0 4(bo + bp) 4([)0 +bp) 4bg
> 4(bo + bp — br) 4(bg + bp + br) 4bg
=0 4bg 4(bg + bp — br) 4(by + bp + br)
=" 4(b0 +bp — bF) 4bg 4(b0 +bp + bF)
At O(p?), the chiral corrections to the baryon self-energies can be expressed as
3
miy Z 53 b )(M¢) (D.12)

T (4nF,)?

=m0 K+0 p

where the loop function Hg))(M¢) is already given in Eq. (4.26), and the coefficients fg)¢ given

in Table D.8.
. b) .
Table D.8: The coefficients f%)d) in Eq. (D.12).
= KO KT n
p (D + F)? % (f(D — 3F)sin(e) — 3(D + F)cos(a))2 (D — F)2 2(D? +3F?) 1—18 (f(D — 3F)cos(e) + 3(D + F) iln(a))
n (D + F)? & gf(D — 3F)sin(e) + 3(D + F) cos(s))2 2(D? + F?) (D — F)2 -+ gf(D — 3F)cos(e) — 3(D + F) qm(e))
A 4D? 2D (D% +9r?)  L(D?+4+9F?) 2D
st 2(D?43F2%) 2 (fD sin(e) + 3F cOb(S)) (D — F)? (D + F)2 2 (fD cos(e) — 3F bln(e))2
»0 4F? 2p2 D? + F? D? + F? 2p?
T %(D2 + 3F2) % (\fD sin(e) — 3F cos(s)) (D + F)2 (D — F)2 % (\fD cos(e) + 3F sln(s))
= (D — F)? & (VB(D +3F)sin(e) +3(D - F) cos(s))z 2(D2 4+3F2) (D + F)? & (VB(D +3F) cos(e) — 3(D ~ F)sin(s))2
== (D-F)? & (VB(D +3F)sin(e) - 3(D - F) cos(s))Z (D + F)? 202 +3F%) L (VB(D +3F)cos(e) +3(D = F) sin(s))z
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Up to N3LO, the contributions to octet baryon masses are

4
myy = &5 Bimi + €5 p Bimi + €15, Bym?
Bgmumd + §g?ungmums + {g)dngmdms

ekt B (M) + €52 HE (M) + €559 HE (M)

+€(Bf,)ud

1
AL >

=m0, K0, 1

1
T anE,)? )3

Cb:ﬂ-i’O? Ki’07 n
B'=p,n,A,5+ 50 5~ =0 =

&b Hiy (M), (D.13)

where the loop functions are given in Egs. (4.28) and (4.31), and the coefficients are listed in
Tables (D.9-D.20).

Table D.9: The coefficients fB 2 §B g2 §B 520 fg}ud, fg?us, and fg)ds in Eq. (D.13).

LI
|

—16(2d7 — ds)

—32(—d1 +d3 +d7)

5(0) 5(0) E(C)

B,u? B,d? B,s?

D —16(dy + d2 + d3 + ds + d7 + dg) —16(d7 + dg) —16(dy — d2 + d3 — ds + d7 + dg)

n —16(d7 + dg) —16(d1 + d2 + d3 + ds + d7 + dg) —16(d1 —do +d3 — ds + dr + dg)

A —8(4d3 + d4 + 6d7 + 6ds) —3(4ds + d4 + 6d7 + 6ds) —8(16d3 + 4d4 + 6d7 + 6ds)

=+ —16(d1 + d2 + d3 + ds + d7 + dg) —16(d1 — d2 +d3 — ds + d7 + dg) —16(d7 + dg)

>0 —8(4d3 +dy + 2d7 + ng) —8(4d3 +dg + 2d7 + 2d8) —16(d7 + dg)

- —16(dy — d2 + d3 — ds + d7 + dg) —16(dy + d2 + d3 + ds + d7 + dg) —16(d7 + dg)

=0 —16(d7 + dg) —16(d1 — d2 + d3 — ds + d7 + dg) —16(d1 + d2 + d3 + ds + dr + dg)

= *16(d1 —da +d3 —ds +d7 + dg) —16(d7 + dg) *16(d1 +d2 +d3 +ds +d7 +dg)
€65 ua €5 s €5 s

p —16(ds + 2d7) —16(—2d1 + 2d3 + 2d7) —16(2d7 — ds)

n 716(6[5 + 2d7) 716(2(17 — d5) 716(72d1 + 2d3 + 2d7)

A —%(d;l + 6d7) _%(3d7 —d4) _%(3(17 —da)

>+ —32(—d1 +ds +dr) —16(ds + 2d7) —16(2d7 — ds)

0 —16(2d7 — da) —32d7 —32d7

¥ —32(—d; +d3 + d7) —16(2d7 —ds) —16(ds + 2d7)

=0 —16(2d7 — ds) —16(ds + 2d7) —32(—dy +d3 +dy)

—16(ds + 2dr)
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Table D.10: The coefficients fgi”;) in Eq. (D.13).

0 fg’;g = &0 yBomu + &0 gBoma + &0 sBoms

§x0 §x0.d 0

—2(bo + bp + br) (\/§ sin(2e) + cos(2e) + 2) —2p, (—ﬁ sin(2¢) + cos(2e) + 2) —8(bo +bp — br) sin?(e)
n —%bo (\/§sin(25) + cos(2¢) + 2) —%(bo +bp +bp) (—\/gsin(Qa) + cos(2¢) + 2) —%(bo +bp — br)sin?(e)
A —%(3b0 +bp) (\/gsin(Qe) + cos(2e) + 2) —%(3b0 +bp) (—\/g sin(2e) + cos(2¢e) + 2) —%(3b0 +4bp) sin?(e)
T+ f%(bo +bp +bF) (\/gsin(Qs) + cos(2e) + 2) fg(bo +bp —br) (f\/gsin(Qs) + cos(2e) + 2) 7§b0 sin?(e)
S0 —2(bg +bp) (\/5 sin(2¢) + cos(2e) + 2) —2(by +bp) (—\/§ sin(2e) + cos(2e) + 2) — 8y sin2(c)
- —%(bo +bp —br) (\/§sin(2e) + cos(2e) + 2) —%(bo +bp +br) (—v3sin(2e) + cos(2e) + 2 —%bo sin?(g)
=0 —%bo (\/gsin(Qe) + cos(2e) + 2) —%(bo +bp —bp) (—V3sin(2¢) + cos(2¢) + 2 —%(bo +bp +bp)sin?(e)
=" fg(bo +bp —br) (\/gsin(Qs) + cos(2e) + 2) fgbo (f\/gsin(Zs) + cos(2e) + 2) 7§(b0 +bp + bp)sin?(e)

€50 = &y wBomu + &.aBoma + €n,s Boms

fn,u fn,d gn,S
p %(bo +bp +br) <\/§ sin(2¢) 4 cos(2¢) — 2) %bo <7\/§sin(25) + cos(2¢) — 2) 7§(b0 +bp — bp)cos?(e)
n %bo (\/5 sin(2e) 4 cos(2¢) — 2) %(bo +bp +br) (—\/gsin(Qa) + cos(2¢e) — 2) —%(bo +bp — br) cos?(e)
A %(Sbo +bp) (\/3 sin(2e) + cos(2¢e) — 2) %(Sbo +bp) (—\/gsin(%) + cos(2e) — 2) —%(Sbo +4bp) cos?(e)
=+ %(bo +bp +br) (\/gsin(Qz-:) + cos(2e) — 2) %(bo +bp —br) (—\/?:sin(Qe) + cos(2e) — 2) —%bo cos?(¢g)
0 %(bo +bp) (\/gsin(Ze) + cos(2e) — 2) %(bo +bp) (f\/gsin(Qs) + cos(2e) — 2) 7§b0 cos?(e)
- %(bo +bp —br) (\/gsin(Qs) + cos(2¢) — 2) %(bo +bp +br) (—v3sin(2e) + cos(2¢) — 2 —%bo cos? ()
20 2, (\/3 sin(2¢) + cos(2e) — 2) 2(by + bp — b) (—v/3sin(2e) + cos(2e) — 2 —8(bo + bp + br) cos?(e)
= %(bo +bp —bp) (\/gsin(Qa) + cos(2¢) — 2) %bg (—\/§sin(25) + cos(2¢) — 2) —%(bo +bp + br) cos?(e)

nt K° K+

p —2(2bo + bp + bp)(my + mg)Bo —2(2bg + bp — bp)(mg + ms)Bo —4(bo + bp)(mu + ms)Bo
n —2(2bo + bp + br)(mu +ma)Bo —4(bo + bp)(ma + ms)Bo —2(2bo + bp — br)(mu +ms)Bo
A —2(3bo + bp) (mu + mg)Bo —2(6bo + 5bp ) (ma + ms)Bo —2(6bo + 5bp) (mu + ms)Bo
ot —4(bo + bp)(mu 4+ ma)Bo 2bp +bp — br)(ma +ms)Bo 2bo +bp + bF)(mu + ms)Bo
0 —4(bo + bp)(mu + mq)Bo 2bo + bp)(mgq + ms)Bo 2bo + bp ) (M + ms)Bo
3 —4(bo + bp)(muy + mq)Bo

—2(2bp +bp — bF)(mu + md)BO
—2(2bo + bp — br)(my +ma)Bo

bo 4+ bp)(mg + ms)Bo 2bg + bp + bp)(my + ms)Bo

—2( =2(
—2( —2(
—2(2bo + bp + bp)(mq + ms)Bo —2(2bo +bp — bp)(mu + ms)Bo
—4( =2(
—2(2bo + bp + br)(ma + ms)Bo —4(bo + bp)(mu + ms)Bo
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Table D.11: The coeflicients 5(;’;) in Eq. (D.13).

=]

2(by — by + b3 + 2by)

(
(

4(by + bz + bs)
(

2(by — by + b3 + 2by)

4bl+b3+b4)

(
(
2(by + bz + b3 + 2by4)
(
2(by + by + b3 + 2by)

s
P % (2(3b1 + bg + 3b4) + (—3b1 + 3by + bg) COS(2€) + \/§(3b1 + by — bg) Sin(2€))
n % (2(3b1 + b3 + 3b4) + (—3()1 + 3by + bg) COS(QE) — \/§(3b1 + by — b3) sin(2€))
A 2(4b3 + 3by — 2b3 cos(2¢))
»t 2 (3by + by + 3bs + (3by — bs) cos(2¢) + v/3by sin(2¢))
»0 2 (4b3 + 3by + 2b3 cos(2¢))
Y- 2 (3by + bs + 3by + (3by — bs) cos(2e) — v/3by sin(2e))
=0 % (2(3by + bg + 3bg) — (3by + 3by — bs) cos(2e) — V/3(3by — by — bs) sin(2¢))
= 2 (2(3by + by + 3bs) — (3b1 + 3ba — bs) cos(2e) + v/3(3b1 — by — by) sin(2¢))
n
P % (2(3b1 + b3 + 3b4) — (—3b1 + 3by + bg) COS(QE) — \/§<3b1 + by — bg) sin(25))
n % (2(3b1 + bg + 3[)4) — (—3b1 + 3bo + bg) COS(QE) + \/§(3b1 + by — bg) Sin(?&‘))
A 2 (4b3 + 3by + 2b3 cos(2¢))
¥t 2 (3by + by + 3by — (3by — bs) cos(2e) — V/3by sin(2¢))
»0 2(4bs + 3by — 2bg cos(2¢))
- 2 (3by + b + 3bg — (3by — bs) cos(2¢) + v/3by sin(2e))
=0 % (2(3b1 + bg + 3b4) + (3b1 + 3by — bg) COS(2€) + \/3(3[)1 — by — b3) sin(Qs))
=" 2 (2(3b1 + bg + 3bs) + (3by + 3by — bs) cos(2e) — v/3(3by — by — b3) sin(2¢))
7I.:I: KO K:t
P 2(61 + by + b3 + 2()4) 2(()1 — by + b3+ 2[)4) 4(b1 + b3 + b4)
n 2(by + ba + b3 + 2b4) 4(b1 + b3 + by) 2(by — by + b3 + 2by)
A 3(2bs + 3by) 2(9by + b3 + 6by) 2(9by + bs + 6bg)
¥t 4b1+b3+b4) 2b1*b2+b3+2l)4) 2b1+b2+b3+2b4)
0 4(2b1 + b4) 2(by + b3 + 2b4) 2(by + b3 + 2b4)
-

2(by + ba + b + 2by)

(
(
2(by — by + b3 + 2by)
(
4(by + bz + bs)
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Table D.12: The coefficients {fgd”j) in Eq. (D.13).
0
p 2 (3(bs + bg + by + 2bs) cos(e) + v/3(3bs + 3bs — br) sin(e))
n 2 (3(bs5 + bg + by + 2bg) cos(e) — V/3(3bs + 3bg — br) sin(e))
A 3(2b7 + 3bg) cos(e)
¥t 4(2b5 + bg) COS(€)
»0 4(2b7 + bg) cos(e)
¥ 4(2bs + bg) cos(e)
=0 2 (3(bs — bg + by + 2bs) cos(e) — v/3(3bs — 3bs — br) sin(e))
B 2 (3(bs — bg + by + 2bs) cos(e) + v/3(3bs — 3bg — br) sin(e))
n
D % ((9b5 — 3bg + by + 6bg) cos(e) — V/3(3bs — bg — br) sin(e))
n % ((9()5 — 3bg + by + 6b8) COS(&) + \/3(3175 — b — b7) sin(e))
A 4(2b7 + bg) cos(e)
¥t 3 ((2b7 + 3bsg) cos(e) — 2v/3bg sin(e))
%0 %(21)7 + 3bg) cos(e)
¥ % ((2b7 + 3bs) cos(e) + 2v/3bg sin(e))
=0 2 ((9b5 + 3bg + by + 6bs) cos(e) + v/3(3bs + bs — br) sin(e))
= % ((9b5 + 3b6 + b7 + 6[)8) COS(E) — \/§(3b5 + bG — b7) sin(e))
nE K° K*
p 4(bs 4 be + by + 2bg) 4(bs — be + by + 2bg) 8(bs + by + bg)
n 4(b5 + bg + b7 + 2b8) 8(()5 + b7y + bg) 4(b5 —bg + b7y + 2b8)
A 5(2b7 + 3bg) 5(9b5 + by + 6bg) 5(9b5 + by + 6bg)
¥t 8(bs + by + bs) 4(bs — bg + by + 2bg) 4(bs + b + by + 2bg)
0 8(2b5 + bg) 4(bs + by + 2bg) 4(bs + by + 2bg)
X 8(bs + b7 + bs) 4(bs + be + by + 2bg) 4(bs — bg + by + 2bg)
=0 4(bs — be + by + 2bg) 8(bs + b7 + bs) 4(bs + bg + by + 2bg)
- 4(bs — be + by + 2bg) 4(bs + be + by + 2bg) 8(bs + by + bs)
Table D.13: The coefficients €%, , in Eq. (D.13).
T 0 K° K*
» 0 = [3(D + F) cos(e) i 0 0 = [S(D + F)sin(e) i
—V/3(D — 3F)sin(e)] +V3(D — 3F) cos(e)]
n 1D+ F)? 0 0 0 0
A 0 0 0 S(D+3F)?* 0
wt 0 0 1(D-F)? 0 0
x° 0 0 0 1(D-F)? 0
X 0 0 0 0 0
=° 0 0 0 0 0
=" 0 0 0 0 0
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Table D.14: The coefficients fﬁj%, ¢ in Eq. (D.13).

nt 70 K° K* n
p 1D+ F) 0 0 0 0
. 35 [3(D + F) cos(e) — . 35 [3(D + F)sin(e) 2
+V3(D — 3F)sin(e)] —V/3(D — 3F) cos(e)]
A 0 0 (D +3F)? 0 0
=t 0 0 0 0 0
%0 0 0 1(D-F)? 0 0
- 0 0 0 1(D-F)? 0
=0 0 0 0 0 0
B~ 0 0 0 0 0
Table D.15: The coeflicients fj(\e])g, s in Eq. (D.13).
nt 0 KY K* n
p 0 0 0 (D + 3F)? 0
n 0 0 15(D + 3F)? 0 0
A 0 1 D?sin’(e) 0 0 £ D? cos®(e)
o+ o 0 0 0 0
0 0 . £ D% cos?(e) 0 0 iD? sin? ()
- o 0 0 0 0
=0 0 0 (D — 3F)? 0 0
=+ 0 0 0 L(D - 3F)? 0
Table D.16: The coefficients f(;J)rB, ¢ 0 Eq. (D.13).
ﬂ.i 7.‘.0 KO Ki n
P 0 0 {(D-F)* 0 0
n 0 0 0 0 0
A iD? 0 0 0 0
¥t 0 5 (3F cos(e) + V3D sin(e))2 0 0 & (3Fsin(e) — V3D cos(e))2
0 F? 0 0 0 0
70 0 0 0
=0 0 0 3(D+F)? 0
0 0 0 0 0
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Table D.17: The coefficients 5(260)8’ p in Eq. (D.13).
T* 70 K9 K+ n
p 0 0 0 1(D-F)? 0
n 0 0 1(D—F)? 0 0
A 0 $D? cos?(e) 0 0 :D? sin?(¢)
>+ F? 0 0 0 0
0 0 1D?sin’(e) 0 0 +D? cos®(e)
2 F? 0 0 0 0
=0 0 0 1(D+F)? 0 0
= 0 0 0 (D + F)? 0
Table D.18: The coefficients 5(2623’#) in Eq. (D.13).
mt 7 K° K+ n
» 0 0 0 0 0
n 0 0 0 (D-F)* 0
A iD? 0 0 0 0
¥t 0 0 0 0 0
0 F? 0 0 0 0
0 5 (3F cos(e) — /3D sin(s))2 0 0 & (3F sin(e) + V3D cos(s))2
=0 0 0 0 0 0
0 0 $(D+F)? 0 0
Table D.19: The coefficients 5(560)3' p in Eq. (D.13).
nt 0 K° K* n
p 0 0 0 0 0
n 0 0 0 0 0
A 0 0 (D —3F)? 0 0
wt 0 0 0 1D+ F)? 0
0 0 0 1(D+F)? 0 0
¥ 0 0 0 0 0
o L [3(D — F)cos(e) . . L [3(0 — F)sin(e)
+V3(D + 3F) sin(¢)]” —V/3(D + 3F) cos(e)]”
B (D -F) 0 0 0 0




137

Table D.20: The coefficients 5(5623, s n Eq. (D.13).

HH

Ki

g

—v/3(D + 3F) sin(e)]

™ ™ n
P 0 0 0 0 0
n 0 0 0 0 0
A 0 0 0 (D =3F)? 0
ot 0 0 0 0 0
%0 0 0 0 1(D+ F)? 0
- 0 0 1(D+F)? 0 0
=0 (D -F) 0 0 0 0
— S [3(1) — F) cos(e) . o L [3([) — F)sin(e)

+v/3(D + 3F) cos(e)] :
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