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Abstract

This thesis contains a collection of studies on the properties of baryons within the context of effective
field theory, especially Chiral Perturbation Theory (ChPT). The thesis focuses primarily on the Roper
resonance, an excited state of the nucleon with some interesting and puzzling features. With a
pole mass of approximately my =~ 1.4 GeV, the Roper mass lies below its quark model prediction.
Additionally, the Roper can decay into a nucleon and a pion, as well as into a nucleon and two pions,
where both branching ratios are of the same magnitude, causing an almost equal probability of two- and
three-particle final states. Investigating the Roper resonance and its properties is key for understanding
the excited hadron spectrum of Quantum Chromodynamics (QCD). The second part of this thesis
studies electric dipole moments (EDMs) of heavy baryons containing a single bottom quark. EDMs
are an important observable in precision measurements, since they violate the discrete symmetries
time-reversal (T) and parity (P) at the same time. The inclusion of P- and T-violating sources is done
within the framework of Standard Model effective field theory (SMEFT). Dimension-six operators
from SMEFT are considered and their induced effect on the EDMs of heavy bottom baryons is
calculated. This thesis contains three chapters that have been published in peer-reviewed journals.
The publications are

* D. Severt and U.-G. Meilner, “The Roper Resonance in a finite volume”,
Commun. Theor. Phys. 72, no.7, 075201 (2020) [arXiv:2003.05745 [hep-lat]],
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“Science is not everything, but science is very beautiful.”

J. Robert Oppenheimer






CHAPTER 1

Introduction

What is our world made of? This simple but fundamental question is almost as old as human history.
Many philosophers and scientists have asked themselves this question over millennia. The ancient
Greeks had the idea that everything in our world is made out of four elements: earth, water, air and fire.
This idea was quite successful in the sense that it was a prominent theory for a long time and ancient
philosophers used to “explain” various natural phenomena with it. Similar lists of elements were also
introduced by early cultures in India and Tibet [1]. Around the fifth century BC the novel idea came
up that all four elements might be made of something more fundamental, something so small that it
should be invisible to the human eye. Leucippus and his student Democritus called these particles
“atomos” (ancient Greek for “uncuttable”) and proposed that everything in the universe consists of
infinitely different variations ot these fundamental entities [2]. For readers who used to play — or still
play — with LEGO® bricks, this idea seems rather natural, but for the early time, this new view was
revolutionary.

Fast forward approximately 2500 years, the idea of fundamental particles, which build up all the
matter around us, still exists and it is now supported by a much more rigorous scientific foundation.
The Standard Model (SM) of particle physics is the best description we have of our universe today. It
includes all elementary matter particles and characterizes their interactions with each other, except
of the gravitational interaction. We call those particles “elementary”, because they have — as far as
we know today — no substructure and can, therefore, be considered fundamental. However, the real
fundamental entites are quantum fields, since the SM is a relativistic quantum field theory (QFT). The
particles we observe are the quantized excitations of those fields (for a pedagogical introduction, see
e.g. Refs. [3-5]). There are two types of fields in the SM: the half-integer spin fields, called “fermions”,
which build up all the matter around us, and the integer spin “bosons”, which mediate the forces
between the fermions and also between each other. From a mathematical viewpoint, the SM is defined
by a Lagrangian, which is invariant under local SU(3), x SU(2); x U(1), gauge transformations. The
SU(2);, x U(1)y part of the gauge symmetry gives rise to the electroweak interaction and the SU(3),
part corresponds to the strong interaction, which will be at the center of all investigations in this thesis.
The theory of the strong force, Quantum Chromodynamics (QCD), describes the interactions of all
particles that possess a so-called color charge C (the “C” in SU(3)), these are the spin-1/2 quarks (g)
and the spin-1 gluons (g), which mediate the force. This works in analogy to the quantum theory of
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electrodynamics, QED', where the interaction of all electrically charged particles is described by an
interchange of a virtual photon. However, there are two major differences, which makes QCD a much
more complicated theory: First, the gluons themselves carry color charge, meaning that they do not
just interact with quarks but also with each other, leading to a larger amount of possible interactions.
Second, the strong coupling constant g, which quantifies the interaction strength, is much larger at
smaller energies than the electromagnetic coupling (hence the name “strong interaction™). While
conventional perturbative calculations in QCD still work at high energies, the method fails in the
low-energy regime meaning that different approaches, which will be discussed later, must be used to
calculate QCD processes.

The low-energy behaviour of QCD is particulary interesting, because in this region bound states of the
strong interaction form. These bound states, called “hadrons”, come in a large variety. In fact, in the
1950s experimental physicists discovered a tremendous amount of different particles with different
characteristics. A first try to classify all these new particles was given by the quark model [6, 7],
which proposed that the hadrons fall into two categories: mesons and baryons. Mesons consist of two
quarks, a quark and an anti-quark (gq), whereas baryons consist of three quarks (gqq). For example,
the building blocks of atomic nuclei, protons and neutrons, are baryons. Similar to the atom — a bound
state of the electromagnetic interaction — the quarks inside the hadrons can also be excited, leading
to multiple excited hadronic states, which are called “resonances” and can be observed in modern
experiments. The quark model was successful, since it was able to organize the discovered hadrons into
clear schemes and predicted some missing particles in the spectrum, like the 2 baryon [8]. However,
the model had some issues like, for example, the apparent violation of the Pauli exclusion principle in
some baryonic states, which led to the introduction of the color charge [9] and ultimately resulted in the
formulation of QCD. Moreover, some states from the rich hadronic spectrum that we know today cannot
be explained anymore by the simple quark model, but can only be understood within the context of QCD.

Over the last years a lot of effort has been made to deepen our understanding of the QCD had-
ron spectrum (for some current reviews see [10, 11]). Especially, the excited baryon spectrum
remains one of the least understood features of the strong interaction. One of the most prominent
and challenging systems is the Roper resonance. Discovered in 1964 via partial wave analysis of
nucleon-pion-scattering data [12], the Roper, or N(1440), posseses some interesting features. The
resonance has identical quantum numbers as the nucleon, i.e. 1(J P) = 1/2(1/2%), where I, J and
P denote isospin, spin and parity, respectively, but a larger mass (pole mass: mg = 1.365 GeV, see
PDG [13]). The most remarkable characteristic of the Roper lies in its decays: It can decay into a
nucleon (N) and a pion (), as well as into a nucleon and two pions, where the branching ratios of
these two decay modes are of the same magnitude. This makes two- and three-particle final states
equally likely and complicates the Roper system significantly.

There are several options to explore the spectrum of the Roper resonance. One method is Lattice
QCD (LQCD), a non-perturbative approach to QCD, where numerical calculations of correlation
functions are performed on a discretized Euclidean space-time in a finite volume (see e.g. Ref. [14]
for an introduction). There are already some preliminary studies of the Roper system in LQCD
(see [15, 16]), which indicate that both two-particle N and three-particle Nxzr dynamics might be
important to generate the Roper resonance. Another method is an effective field theory (EFT) approach
(see Ref. [17] for a very good introduction to EFTs and their applications) for the Roper, which has

! QED: Quantum Electrodynamics.



already been established within the framework of baryon chiral perturbation theory (BChPT) [18-22].
Therein, the Roper resonance is included in BChPT as an explicit degree of freedom and one can
calculate various observables, like decay widths, within this framework. However, difficulties arise
in general when comparing results from EFT with results from LQCD. For example, the fact that
LQCD calculations are always performed in a box of finite size, causes a shift in the energy levels
of the system. In order to improve the investigation of the Roper resonance and to simplify the
comparison between LQCD and infinite volume EFT, one can use an EFT approach in a finite volume
(see e.g. [17]). When a narrow resonance is present, the energy levels show a particular behaviour near
the resonance’s energy: The levels shift when the box size L is changed, but they do not cross each
other. This behaviour is known as “avoided level crossing” [23] and it has been already discovered in
other resonance systems, such as the delta resonance [24].

For the Roper resonance, the case is complicated due to its two- and three-particle final states. The
two-body sector in a finite volume is already well established from Liischer’s method [25, 26], whereas
the three-body sector remains challenging. A lot of work has been done and different methods have
been introduced to tackle the three-particle dynamics. These methods usually require the formulation
of a so-called three-body quantization condition (for some examples, see Refs. [27-36]). A very
promising approach to describe three-particle scattering in a finite box is the particle-dimer framework
(see [37-42]), which reformulates the three-body problem as a two-body problem and, therefore,
significantly simplifies the three-particle dynamics. This particle-dimer picture might also be a suitable
approach to investigate the Roper resonance [43].

Despite of the immense success the SM had and still has in predicting experimental results, we know
quite well that it cannot be a full discription of nature. For instance, the force of gravity is not included
in the SM and there are several observations that cannot be explained by the SM alone”. One open
problem is the matter-antimatter asymmetry, which comes from the observation that we have mainly
matter in our universe, but no antimatter. The SM, however, treats matter and antimatter in a symmetric
way for the most part: There are some interactions in the SM, which violate the discrete symmetries
parity (P) and time-reversal (T) and, therefore, CP symmetry according to the CPT theorem, see
e.g. [4]. The C denotes the symmetry under charge conjugation, i.e. the symmetry by replacing a
particle with its antiparticle. The different treatment of matter and antimatter in the early universe is
crucial for explaining the matter-antimatter asymmetry [44]. CP-violating sources can be found in
the weak (weak Cabibbo-Kobayashi-Maskawa (CKM) phase) and in the strong sector (QCD 6-term).
Nevertheless, modern research suggests that the CP-violating interactions in the SM are not sufficient
to explain the observed large discrepancy between matter and antimatter.

There are several theories, collected under the name “beyond-the-Standard-Model” (BSM) physics,
aiming to explain the matter-antimatter-asymmetry by introducing additional interactions that explicitly
violate C or CP. Most of them postulate new heavy particles, which have not been observed yet by
experiments due to their large masses. One way to investigate the effects that these new particles have
on SM physics in a model-independent and systematic framework is Standard Model effective field
theory (SMEFT) [45]. In this EFT, it is assumed that BSM physics shows up at an energy scale A,
which lies well beyond the electroweak scale v ~ 250 GeV. The BSM heavy particles can, therefore,
not be resolved in our current experiments, since the necessary energy is not reached. However, the
effects of these particles should still influence the behaviour of SM particles at low energies, especially

2 For example neutrino masses, dark matter, dark energy, and more. See e.g. [5] for further reading.
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when these effects violate CP symmetry. One of the observables that can probe CP violation is the
electric dipole moment (EDM) of a particle.

The hunt for measuring EDMs is already going on for a longer time. While elementary particles could
in principle have an EDM as well, most experiments try to measure EDMs of composite particles,
like baryons. Some of the most precise measurements have been performed on the neutron, where its
EDM was found to be |d,| < 1.8 X 107%%e cm [46]. This result is, however, just an upper bound on
the neutron EDM and not a direct detection. Measuring a permanent EDM would imply that P and
T symmetry are violated simultaneously (and, hence, also CP symmetry). Apart from the neutron,
there are also plans to measure EDMs of baryons containing a single heavy charm (c) or bottom (b)
quark in future experiments, see e.g. Refs. [47-50]. One of the main ideas behind these prospects
is that the heavy c- and b-quarks might feel a stronger influence from BSM physics due to their
large masses than the light-quark sector. In the last part of this thesis, CP-violating interactions from
SMEFT, which explicitly include b-quarks, are investigated. Afterwards, the EDMs that these inter-
actions induce into the spin-1/2 single-bottom baryons are calculated with the help of BChPT methods.

This thesis is organized in the following way: In chapter 2 some important theoretical concepts are
introduced, which are relevant for understanding the studies performed in this work. Readers, who
are already experts in the field, might be able to skip these introductory sections. After that, the
investigation of the Roper resonance starts in chapter 3 and is continued in chapter 4. Then, the second
part of this thesis, the study on EDMs of heavy bottom baryons, is presented in chapter 5. Finally,
a summary of the most important results together with an overall conclusion is given in chapter 6.
Some additional information, as well as several technicalities, can be found in the appendices.



CHAPTER 2

Theoretical foundations

2.1 The Standard Model of particle physics

The Standard Model (SM) of elementary particle physics is the result of many theoretical and
experimental studies conducted in the 20th century, where its final formulation, which is still used
today, has been introduced in the 1970s (see e.g. Refs. [51-54] and many more). The particle content
in the SM includes the spin-1/2 fermions, which build up all baryonic matter around us, and the
spin-1 gauge bosons, which exchange the forces between the fermions and also between each other.
Additionally, there is the spin-0 Higgs field responsible for giving mass to the elementary particles.
The fermions fall into two categories: There are the leptons, which contain the electron (e), the muon
(), the tau (7), and three neutrinos (v, #,T), one for each lepton flavor, and the quarks, which come in
six different flavors: up (u), down (d), strange (s), charm (c), bottom (), and top (¢). All fermions
come with their respective antimatter partner. The gauge bosons in the SM are the gluons (g), which
mediate the strong interaction, the photon (y), which mediates the electromagnetic interaction and the
three heavy bosons ZO, W* and W™, which mediate the weak interaction' .

As a quantum field theory (QFT), the SM is described by a Lagrangian, which is invariant under
local SU(3) x SU(2); x U(1)y (C: color, L: left, Y: hypercharge) gauge transformations. The
SU(3) part of the symmetry gives rise to the strong interaction, whereas the SU(2); x U(1)y part is
responsible for the electroweak force. The full Lagrangian is given by2

Loy =Y ilDqy + aiDuy + deilpds + [FiDIE + exildes
+(D,®) D*® + 1 * 0 ® - A D)
- qy £, Pug — G f;Qdg — I} f,Peg +h.c.

1 a a, uv 1 i 1, uv 1 %
- ZG’”G - ZW’”W - ZB”VB
2
+ eﬁeﬂw’“q‘jﬁgg . 2.1)

! The full particle content is usually denoted in a very compact table form, see e.g. wikipedia.org/Standard_Model.
2 The notations and conventions of Ref. [5] are mainly used throughout this section.
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Here, the first line on the right-hand side showes the dynamical part of the fermions, which are written
in terms of the weak left-handed SU(2), doublets g7 (quarks) and [} (Ieptons) with generation index

R N P NCTNTS

Note that 7¢ = (¢%)"y" and I = (1&)"y°, where y° is the first Dirac gamma matrix y* (u = 0, 1,2, 3).
The right-handed singlets for quarks and leptons (also with generation index ) are denoted by

ug = (ug, cgo 1g) » di = (dg. sg, bg) . eg = (er, Mg TR) » (2.3)

where one can observe that the SM does not include right-handed neutrinos. The coupling of the left-
and right-handed fermions to the gauge fields is described by the covariant derivative D,,, which is
denoted with the Feynman slash notation ) = y* D,,. In the left-handed doublet case D,, is given by

i i i,
Dy, (x) =10, + EgSAZ/la + EgWLT’ + EYg B, |y(x), (2.4)
where y; denotes an arbitrary right-handed fermion. The first interaction term in (2.4) is from the
strong force: AZ denotes the gluon fields, g, the strong coupling constant and 1“ the Gell-Mann

matrices. The second term describes the interaction with the SU(2),; gauge field W;; via the coupling g,

where 7° are the Pauli matrices, and the third term indicates the interaction with the U(1)y gauge field
B,, where g’ (times the hypercharge Y) is the corresponding coupling. On the contrary, right-handed
fermions, ¥, do not interact with the SU(2); gauge field, so that the covariant derivative becomes

i

SY8'B, | wr(x). 2.5)

i
D, yr(x) = {0, + 8s Z/la +
The dynamical parts of the gauge fields are given in the fourth line on the right-hand side of Eq. (2.1),
where G¢ W;W and B,,,, denote the field-strength tensors of the SU(3), SU(2), and U(1)y gauge

uv
fields, respectively. These are defined by

Go, = 0,AL —0,A% —g [T ALAS (2.6)
Wi, = 3,W,, —0,W,, — ge"* wIwl 2.7)
Byy = 0B, = 0,8, , (2.8)

abc k

with the SU(3) structure constants f“” and the SU(2) structure constants €”*, i.e. the Levi-Civita
symbol. The last line in (2.1) shows the so-called QCD 6-term, which is briefly discussed in the next
section. The second line in the SM Lagrangian describes the dynamics and the potential of the Higgs
field, which is defined by the doublet of spin-0 fields

¢+
D = . 2.9
(¢0 ) 9
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The covariant derivative acts on the Higgs doublet according to Eq. (2.4), however, it does not couple
to the guon fields, but only to the Wli and B, gauge fields. The constants x and A parametrize the Higgs
potential and the third line in Eq. (2.1) shows the Yukawa couplings, i.e. how the Higgs couples to the
fermions, proportional to the constants f, ; . and with the definition ® := it,®". Except the Higgs
field, none of the elementary particles in (2.1) has a mass term, which ensures the gauge invariance.
This changes after the process of so-called “spontaneous symmetry breaking”. In that, the Higgs field
acquires a non-trivial vavuum expectation value v, i.e.

2 2
<0|q>*q>|o>=%, with v = ”7 (2.10)

The energy scale v = 246.22 GeV [13] has to be measured by experiment and is not predicted by the
theory. A possible field configuration for @ that obeys the above relation and conserves electric charge
is then given by

O]@|0) = ( v/(i/z) . 2.11)

With this configuration, the SU(2); x U(1), gauge symmetry is (spontaneously) broken® down to a
U(1), gauge symmetry, where e denotes the electromagnetic charge. This causes the gauge bosons to
obtain a mass: The W;; and B,, fields become mixed up in the process, leading to the definition of the
physical W* boson fields

1

Wi=—
o2

and the neutral Z° boson and photon fields

(W,}, T Wﬁ) , (2.12)

Z, = cos(8,,)W, —sin(6,,)B,, ,
. 3
A, = sin(0,,)W, + cos(0,,)B,, , (2.13)

where 6, is the Weinberg angle, which is defined by

’

tan(6,,) = & . (2.14)
g

The mixing of the fundamental gauge bosons ensures that the W* and Z° bosons acquire a mass after
the symmetry breaking, whereas the photon, vy, stays massless. Their respective masses are

v vl2, rn2
M,=0, MW:§g7 Mzzzﬁg +g". (2.15)

Not just the gauge bosons, but also the fermions become massive via the Yukawa couplings in Eq. (2.1).
In general, however, the flavor states and mass eigenstates of the fermions do not have to coincide.
There is a mixing between different generations in the quark sector, which influences charged weak

3 In the literature one can often find the term “hidden symmetry” instead of spontaneously broken symmetry.
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currents. To obtain a diagonal quark mass matrix, a unitary transformation can be applied, i.e.
d’ d

qgﬁ((;‘,),(c,),(;,)), with | s |=v| s |, (2.16)
L \% /L L X b

where V is a unitary 3 X 3 matrix known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [55, 56].
For more technical details concerning the SM, the Higgs-mechanism and CKM mixing, the reader
is adviced to see for example Refs. [4, 5]. We will now concentrate on the fundamental interaction,
which is of major importance for this thesis: the strong interaction.

2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the SU(3) part of the Standard Model and it describes the
interaction of quarks and gluons that carry the so-called color charge C (see e.g. [57]). As already
mentioned, the quarks are spin-1/2 matter fields (fermions) and there are six different quark flavors:
gy = (u,d, s, ¢, b,1). The gluons are the spin-1 gauge bosons of QCD that mediate the strong force. A
crucial difference to the electromagnetic interaction, QED, is that the gluons themselves carry color
charge, which enables them to interact with each other. In QED, on the other hand, the photon, which
communicates the electromagnetic force, is electrically neutral and cannot interact with itself. These
self-interactions of the gluons are the defining property of a non-Abelian gauge theory [58].

The coupling strength of the strong interaction is quantified by the QCD coupling constant g,.
Analogously to QED, one can define the parameter «, which is given by a; = g? /(4r). The numerical
value of the coupling depends on the momentum transfer Q2 during reactions: The coupling is small
for large momentum transfers (Q2 ~ M%), but grows quickly for decreasing values of Qz. This
phenomenon is called asymptotic freedom [59] and it is a typical feature of non-Abelian gauge theories
in four spacetime dimensions. Another characteristic of QCD is the so-called color confinement,
which implies that one is not able to observe singly colored particles, e.g. single quarks. The quarks
and gluons must always form color neutral bound states, which are called hadrons. A color neutral
hadron can, for example, be achieved by a bound state of a quark and an anti-quark (gg), which is
called meson, or a three quark state (gqq), called baryon. In theory, also bound states of more quarks
(e.g. tetra- or pentaquarks) are possible, as well as pure gluonic bound states (glueballs). However,
in this thesis we will concentrate mainly on baryons and their properties. Both phenomena, the
asymptotic freedom and the color confinement, make QCD a very remarkable but complicated theory,
which cannot be treated with conventional perturbative methods at low energies.

There are two very promising approaches to describe the low-energy regime of QCD, which have been
developed and improved in recent years: Lattice QCD (LQCD) and effective field theories (EFTs).
Both approaches offer a framework to study QCD, which can be improved systematically.

In LQCD one attempts to calculate QCD processes directly on a discretized Euclidean space-time
lattice of finite volume®*. The lattice itself is a hyper-cubic structure of usually three space dimensions
and one time dimension, where the time component is analytically continued to imaginary times by a
Wick-rotation, i.e. + — —it. The quarks are then defined on the lattice points and the gauge-fields are
on the links that connect two lattice points. This setup allows one to numerically calculate observables,

4 For an introduction to LQCD see e.g. Ref. [14] or the review [10].



2.2 Quantum Chromodynamics

like hadron masses. However, there are some issues with this formalism: The fact that LQCD operates
on a finite lattice automatically breaks Lorentz invariance. Also, particle momenta can only take on
discrete values due to the finite volume and have a natural UV cutoff proportional to 1/a, where a is the
lattice spacing. To obtain real-world physics the so-called continuum limit @ — 0 has to be performed.
These finite-volume effects are an important aspect to relate LQCD results with observables from the
physical world, which we will also investigate in chapters 3 and 4.

The second approach, EFT, is the one we will use in this thesis to study low-energy QCD and baryon
properties. A brief introduction to EFTs is given in the next section.

The Lagrangian of QCD with quarks and gluons as fundamental degrees of freedom is after
the previously discussed spontaneous symmetry breaking given by

. I
Loco = Yy (i = mp) 4y = 7G5 G 2.17)
7

Here, g, denotes the quark field of flavor f with its corresponding mass m,. Each quark field consists
of a color triplet

(’If,r
dr = |41, | > (2.18)
qdf. b

where the subscripts r (red), g (green), and b (blue) represent the three color charges. The covariant
derivative D, ensures gauge invariance of the fermionic part and introduces the interaction between
quark and gluon fields. It is given by

Dy = (9, +i5AI) gy, (2.19)
where AZ represents the eight independent gluon fields (a = 1,2, ...,8) and 1“ are the Gell-Mann
matrices. The second term in (2.17) describes the dynamics of the gluon fields via the field strength
tensor GZV, which is already defined in Eq. (2.6). The squared field strength tensor in the Lagrangian
gives rise to gluon self-interactions proportional to g, and g%

From a theoretical perspective, the Lagrangian in (2.17) could also contain the so-called QCD 6-term,

which is given by

2
g“ VOO ~a a
L, = 9—‘26” PG Gy » (2.20)
64r
where €77 is the totally antisymmetric Levi-Civita tensor in four dimensions and 6 is a real parameter.

This term is gauge invariant and has dimension four, but, due to the antisymmetric Levi-Civita tensor,
it violates the discrete CP symmetry (P: parity, C: charge conjugation). Hence, this term could
induce a permanent electric dipole moment (EDM) into baryons, like the neutron n. So far, however,
measurements of the neutron EDM only find a very small upper bound of |d,| < 1.8 X 1072%¢ cm [46]
for a permanent dipole moment. This suggests that the 6 parameter must be very close to zero,
0] < 107'°, which is also validated by Lattice QCD calculations [60]. The fact that 8 is almost
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vanishing and, therefore, QCD seems to preserve CP is a fine tuning problem known as the “strong CP
problem”s. For our further studies in this thesis we assume that = 0 and omit the QCD 6#-term. In
later chapters we will discuss other sources of CP violation in the strong sector.

The QCD Lagrangian was constructed to be invariant under local SU(3) gauge transformations and
under Lorentz transformations. Without the 6-term (2.20) also the discrete symmetries P, C, and T are
not violated. Additionally, the QCD Lagrangian possesses a global flavor symmetry, meaning that
one can replace any quark flavor in a QCD process and the interaction will look the same (neglecting
electromagnetic and weak force effects). The flavor of the quark will also not change during the
interaction.

Usually one divides the six different quark flavors into two groups: the light quarks u, d, s, and the
heavy quarks c, b, 7, where the terms light and heavy refer to the QCD scale Agcp =~ 210 MeV®. Note,
however, that the light quark masses can only be determined indirectly at a specific renormalization
scale u, see e.g. Ref. [13] for further details. In the low-energy region of the strong force, a good
approximation for the QCD Lagrangian is to include only the light quark flavors. Then, one can
consider the so-called “chiral limit”, where the quark masses approach zero, i.e. m, 4 ; — 0, which is
equivalent to the situation before the spontaneous symmetry breaking. The Lagrangian in (2.17) then
becomes

1
0 - :
Locp = Z Grilqy - ZGZVG“ m (2.21)
f=u,d,s
Now, one can introduce the projection operators P; and Pg, which are defined by

1 1
PL=§(]1—75)’ PR=§(]1+’}’5)’ (2.22)

where 5 is given by ys = iy0y1y2y3 and obeys the anti-commutation relation {ys, y*'} = 0, as well
as ()/5)T = v¥5 and ()/5)2 = 1. As projection operators, P; and P also fulfill the identities

With these operators, the quark spinor g, can be decomposed into left- and right-handed components

Using the above identities, the Lagrangian in the chiral limit (2.21) can be rewritten in terms of left-
and right-handed quark fields,

_ . _. 1
‘L(%CD = Z (C]L’leqL’f + qR,flquR,f) - ZszGa,,uv . (225)
f=u,d,s

The left- and right-handed quark fields completely decouple and the Lagrangian manifests a global
SU(3); x SU(3)z symmetry, which is called “chiral symmetry”. The full symmetry group of massless

3 For more information on the strong CP problem, check e.g. Refs. [17, 61].
6 AQCD evaluated in MS scheme for five flavors (Nf = 5) at the renormalization scale u = 2 GeV, see Ref. [10].
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QCD with three flavors is
G =SUQ3);. xSUQB)x xU(1)y , (2.26)

where the U(1),, symmetry, with V = L + R, corresponds to baryon number conservation. There is no
axial U(1) 4 (A = L — R) symmetry due to the axial anomaly (see e.g. [5, 17]). This chiral symmetry,
however, is only fulfilled in the limit of vanishing quark masses, since a mass term mixes the left- and
right-handed components of the quark fields, i.e.

L, =qrmeqp =Gy (P + Pg)my (Pp + Pg) qr = G pmeqr s + Grpmeqr s - (2.27)

Therefore, a mass term explicitly breaks the symmetry. Today we know that the chiral symmetry
of QCD must be spontaneously broken (see e.g. Ref. [62]). Additionally, the small non-vanishing
quark masses also break the chiral symmetry explicitly. This observation is the starting point of chiral
perturbation theory (ChPT), the low-energy effective field theory of QCD, which we will discuss in an
upcoming section.

2.3 Effective field theories

The non-perturbative nature of QCD at low energies makes the study of hadrons significantly non-
trivial. We have already mentioned the two most important approaches to investigate the low-energy
regime of the strong interaction: Lattice QCD (LQCD) and effective field theories (EFTs), where the
latter will be shortly introduced in this section’.

The basic idea of an EFT is to find a simpler description of a physical process, that would normally
have to be described by a highly non-trivial physical theory, e.g. QCD. The most important concept
underlying EFTs is the so-called “separation of scales”. To construct an EFT for a given physical
system one has to find the scales (length scales or energy/momentum scales), which are inherent to the
system, and identify the relevant scales and degrees of freedom for the problem at hand. For example,
to describe a freely moving ball in a gravitational field one can use classical Newtonian mechanics,
whereas the inclusion of molecular or nuclear forces inside the ball are not necessary [17]. Another
important building block for EFTs are symmetries. For a given quantum field theory (QFT) that obeys
certain continuous and discrete symmetries, a corresponding EFT must obey the same symmetries.
This ensures that an S-matrix element calculated from the EFT leads to the same symmetry structure,
which the S-matrix element would have when it is calculated from the underlying QFT [63], which
ultimately is the reason why EFTs work and that they can make predictions about physical processes.
Once the relevant scales and degrees of freedom are known, the EFT is constructed by writing down
all possible terms, which include the degrees of freedom and are allowed by the symmetries. This,
however, implies that an EFT consists of infinitely many terms of arbitrary dimension, which need
to be ordered in some systematic manner to keep EFT calculations feasible. The procedure one
uses to order the terms and identify their relevance for a given calculation is the so-called “power
counting”. To apply power counting, one typically uses a perturbative expansion parameter (Q/A)",
where A is the energy scale where the EFT breaks down, Q is a small energy/momentum (A > Q)
and « is a positive exponent. It is then straightforward to see that terms with smaller powers of the

7 See Ref. [17] for a very good pedagogical and comprehensive introduction.

11



Chapter 2 Theoretical foundations

expansion parameter will give a larger contribution to a matrix element. For any given EFT, such a
power counting scheme has to be introduced. Two additional remarks should be added here: First,
since an EFT consists of infinitely many terms, the theory is not renormalizable up to arbitrary scales.
However, renormalizability can be achieved until the breakdown scale A (see e.g. [64]). Second, from
the construction procedure of EFTs it is evident that any QFT is, in fact, an EFT itself [17].

To clear up the EFT construction procedure a bit more, we take a look at a concrete example: Standard
Model effective field theory (SMEFT) [45]. Let us assume that there is beyond-the-Standard-Model
(BSM) physics appearing at an energy scale A, which is much larger than the electroweak scale
v = 250 GeV. The BSM physics could for example be new heavy particles, which cannot be produced
yet in modern particle accelerators. However, those particles should still influence the behaviour of
the SM particles at lower energies. We can, therefore, construct an EFT, which includes the SM as a
low-energy approximation: This is known as SMEFT.

For constructing the EFT for the SM, we now have a scale separation, i.e. A > v, and as degrees of
freedom we can take the whole particle content of the SM. We now have to write down all possible
terms that fulfill the symmetries of the SM, i.e. Lorentz symmetry and SU(3), x SU(2); x U(1)y
gauge symmetry. The resulting Lagrangian takes the following form

1 1 1 1
Lomerr = Lsm + X'LS + P'[é + F£7 + Pﬁs +..., (2.28)

where Lg) is the SM Lagrangian from Eq. (2.1) and £, are higher order terms in the 1/A expansion.
The index D, with D > 4, denotes the mass dimension of the operators inside the Lagrangians. It
can be clearly observed that for very low energies the SM Lagrangian is the dominating contribution
of this expansion, whereas all other terms are suppressed by inverse powers of A. This brings up
the question how these BSM effects can be resolved by experiments? The first option is, obviously,
going to higher energies, but also at low energies their influence can be measured: Many BSM models
include violations of the discrete symmetries C and CP, which would then also effect the low-energy
regime. Hence, one can construct higher dimensional terms £, that explicitly violate C and CP
and calculate their consequences on SM particles. Some effects that C and CP violating sources can
cause are, for example, inducing a permanent electric dipole moment (EDM) in baryons or enhancing
specific particle decays that would be supressed in the SM®. In chapter 5 we will analyze the effects
of C and CP violating dimension-six operators, i.e. L¢, on the EDMs of baryons that contain one
(valence) bottom quark. For this, however, we need an EFT for low-energy QCD, which we introduce
in the next section.

2.4 Chiral perturbation theory

Chiral perturbation theory (ChPT) is the effective field theory (EFT) of low-energy QCD. It describes
the interactions and behaviour of the lightest asymptotic hadronic states at low energies. Also, external
weak or electromagnetic currents, like e.g. photons, can be treated within this EFT. In this following
section we briefly recap the basic ideas of ChPT in the mesonic sector. For simplicity, only effects
of the strong interaction are considered in this section, neglecting any contributions from weak or
electromagnetic interactions.

8 See e.g. Ref. [65] and the references therein.
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2.4 Chiral perturbation theory

We have seen before that the QCD Lagrangian in the chiral limit is invariant under global transforma-
tions of the symmetry group G given by Eq. (2.26). However, the ground state of QCD does not seem
to obey the full symmetries in G, which can be deduced from certain indications in the the hadronic
spectrum. For example, if chiral symmetry would be realized in the ground state, all lowest-lying
hadrons must aqcuire a hadronic “partner” state with the same mass but opposite parity quantum
number (see e.g. [62]). But these parity doublets are not observed in nature. Instead, the ground state
appears to fulfill a SU(3),, symmetry in the chiral limit [66], which leads to the conclusion that chiral
symmetry must be spontaneously broken. This, explicitly, means that the left- and right-handed part
of the group G breaks down to a vectorial subgroup,

SU3), x SUB)g X U(1), — SU3), x U(1),, . (2.29)

This sponteneous symmetry breaking causes the appearence of 3% — 1 = 8 massless, scalar (spin 0)
bosons, according to Goldstone’s theorem [67, 68]. In the case of spontaneous breakdown of chiral
symmetry, these bosons have to be pseudoscalar (i.e. they must have negative parity J P = 07), since
the ground state is not invariant under axial transformations. However, due to the explicit chiral
symmetry breaking caused by the small quark masses, it is expected that the pseudo-Goldstone bosons
are not exactly massless but aquire, indeed, a non-vanishing mass.

As it turns out, the perfect candidates for the 8 pseudo-Goldstone bosons are the members of
the lowest-lying meson octet consisting of the pions (no, n*, n7), the kaons (K", K, KO, KO),
and the eta meson (7). These particles have the right quantum numbers (J P~ 07) and possess
masses, which are considerably smaller than the masses of the second lowest-lying meson octet, the
J¥ =17 vector mesons’. The goal is now to construct an effective field theory, which contains the
pseudo-Goldstone bosons as explicit degrees of freedom and describes their interactions with each other.

We now want to construct the effective Lagrangian for the pseudo-Goldstone bosons meaning
that we need to consider all terms which are allowed by the symmetries we impose. Since we aim to
find an EFT for low-energy QCD, the necessary symmetries include Lorentz invariance, the discrete
symmetries C, P, T and, according to our findings before, the group G (2.26) and SU(3),, x U(1),, for
the ground state. The Goldstone boson fields are introduced via the unitary matrix U, which is defined
by

p(x) p(x)  ¢°(x)
U(x):exp(lF—;C) :]1+1F—;C— 2Fj§ . (2.30)

Here, F,, is the pseudoscalar decay constant in the chiral limit and ¢(x) is a 3 X 3 matrix, that includes
the pseudoscalar octet meson particles

1.0 1 + +
: %ﬂ -f \/_677 1 7(1)- 1 KO
G0 =) AW = V2| A ErE K 2.31)
a=1 K K —\/—ET]

? For example, the pions have a mass of around 139 MeV, whereas the p meson has a mass of 775 MeV [13].

13



Chapter 2 Theoretical foundations

where the 1 are the Gell-Mann matrices. Note that it is sometimes better suited to work in a flavor
SU(2) approximation, meaning that only the two lightest quarks « and d are considered. In this case
the2’-1=3 pseudo-Goldstone bosons are solely the pions and the ¢(x) matrix reduces to

3 o 0 +
¢(X)=ZT’¢’(x)=( Vir- Var ) (2.32)

i=1 -

with the Pauli matrices 7' We, however, continue our explanations in the three-flavor case. The
matrix U transforms as U — RUL', where R and L are global right- and left-handed symmetry
transformations, respectively, i.e. R, L € SU(3)g ;. Using this transformation behaviour, it is possible
to write down the leading-order Lagrangian for the Goldstone boson fields, which fulfills all of the
above considerations. It is given by [69, 70]

F2 F2
@ _Fe i Fo N
L) =2t (D#U(D”U) )+ 2T (XU + Uy ) : (2.33)

where the traces act in flavor space and the covariant derivative, D, is defined by

DU = QuU —ir, U+ lUlﬂ . (2.34)
Here, the notation Py =V, tay, and lu =v,—4q, is used, where v, and a, denote external vector
and axial-vector currents, respectively. Since we do not consider any external sources, we can
simply set v, = a,, = 0. The covariant derivative acting on U ensures the transformation behaviour

D,U— R(D,U )LT. The second term in (2.33) contains the matrix y, which introduces quark masses
and, hence, induces explicit chiral symmetry breaking,

X =2ByM, with M = diag(m,, my, my), (2.35)

where the constant By is related to the chiral quark condensate. Although the quark mass matrix
is, in fact, a constant matrix, one imposes the transformation behaviour M — RML" on it, so that
invariance under chiral symmetry transformations is warranted.

An important approximation when considering quark masses is the so-called “isospin limit”. In it, the
masses of the lightest quark flavors, u and d, are set to the same value, i.e. m,, = m; = m, leading to
the simplified expression M = diag(r, iz, m,) for the quark mass matrix. The isospin limit will be
used throughout all our investigations in this thesis. One can, for example, easily obtain the lowest
order meson masses using this limit, i.e.

M; =2Byin, Mg =By(h+m), M, = %Bo(m +2my), (2.36)
which are known as the Gell-Mann-Oakes-Renner relations [71]. These expressions also demonstrate
that the mesons become massless if the quark masses vanish (chiral limit), which is a required feature
in the construction of ChPT.

The Lagrangian in Eq. (2.33) has a superscript (2), which denotes that this Lagrangian is of second
order in the power-counting scheme used in ChPT. This scheme uses small four-momenta p divided
by the so-called chiral symmetry breaking scale A, where A, ~ 47 F, ~ 1 GeV, with the pion decay
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constant F,. According to our statements from the previous section, the power counting is then
performed by analyzing factors of (p/A X)K, where « is usually called the “chiral order”. For example,

the Lagrangian in Eq. (2.33) has chiral order 2, which is commonly denoted as O(pz). This is due to
the two derivatives in the first term of (2.33), which give rise to two small four-momenta of the meson
fields when deriving the corresponding Feynman rules in momentum space, i.e. p" Pu = pz. The

quark masses from the matrix y in the second term of (2.33) also count as order pz, since the linear
quark masses give rise to the squared Goldstone boson masses (see Eq. (2.36)). In fact, the chiral
order O(pz) Lagrangian from Eq. (2.33) is the lowest-order (and, hence, leading-order) Lagrangian
in the power counting that fulfills all necessary symmetries. One can further construct the EFT by
writing down all possible combinations of the building blocks U, D, U and y, which are allowed by

the symmetries. The next to leading-order Lagrangian appears at order O(p4) and is given in Ref. [70].
For more information, we refer to Ref. [17].

2.5 Baryon chiral perturbation theory

In this section, we want to illustrate shortly how the introduced formalism of ChPT can be extended
to also include heavier degrees of freedom, like e.g. baryons. This extension of ChPT is known as
Baryon chiral perturbation theory (BChPT).

The consistent inclusion of baryons in ChPT turns out to be non-trivial. Not only the appearing Dirac
structures, coming from the fact that baryons are fermionic particles, complicate the matter, but also the
large masses of the baryons cause issues. The mass of the proton (m,, ~ 938 MeV [13]), for example,
is significantly larger than the pseudo-Goldstone boson masses and already around the size of the
chiral symmetry breaking scale A, ~ 1GeV. This large mass difference implies that nucleons (protons
and neutrons) should remain massive even in the chiral limit m,, ; ; — 0. In fact, it can be shown
that the nucleon mass does not vanish if the quark masses are zero: In massless QCD, where only
the dimensionless constant g, appears, an energy scale Agcp emerges due to the breakdown of scale
invariance, i.e. the trace anomaly. As a consequence, bound states of the strong interaction acquire
a mass proportional to Agcp in the chiral limit. This process is called “dimensional transmutation”
and it is responsible for the large masses of the baryons, as well as other mesonic states, like e.g.
the p meson. Only the pseudo-Goldstone bosons are unaffected by this mass generation (for more
information on the subject, see e.g. [17]). The baryon mass in the chiral limit, which we denote by m;, 10
introduces an additional mass scale in ChPT, which has to be treated with special care as we will see later.

In the two-flavor case (flavor SU(2)) the nucleon field is introduced by the doublet

Y(x) = (‘Z ) , (2.37)

19 11 the literature, the convention 7 is also frequently used.
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where p and n denote the four-component Dirac fields for the proton and neutron, respectively. For
flavor SU(3), the lowest-lying octet baryons must be introduced via a matrix B(x), which is given by

150, 1 +
1 < \Fzz t \/EA 1 ? 1 !
B(x) = 5 D AB(x) = ) — 52 0+ A 121 : (2.38)
a=1 ca E -ZA

V6

with the Gell-Mann matrices 1“. Under chiral transformations, the baryon fields transform according
to

¥ > K¥Y, and B— KBK', (2.39)

where K = K(L, R, U) is the so called compensator field. This function K is an element of the
conserved subgroup SU(3),, after the spontaneous symmetry breaking of the group G (2.26). It
depends on the left- and right-handed transformations (L and R) and on the matrix U(x) (2.30),
which includes the pseudo-Goldstone boson fields. The fact that U depends on the position x, makes
K(L, R, U) alocal transformation (see e.g. Refs. [62, 72] for more information). The resulting effective
Lagrangians that describe the baryons and their interactions with the pseudoscalar mesons, must be
invariant under the corresponding transformations in (2.39).

In the flavor-SU(2) case, the leading-order Lagrangian is given by [73]

_ 1 -
LY =¥ (i) — my) ¥ + S8 FiysY . (2.40)
Here, the covariant derivative obeys the transformation property D, ¥ — K(D,,'¥) and is defined by
DY =(0,+T,)¥, (2.41)
with
_ Lo, - 8, —il, ) u' 2.42
r,u—i[”(,u‘”’,u)”"‘”(u_lp)”]’ (2.42)

where u = VU = exp (i¢/ (2F¢)) and [, /r, are external left- and right-handed fields, respectively.

The second term in Eq. (2.40) is the axial-vector interaction with the axial-vector coupling constant
g 4 and the so-called chiral vielbein

w, =i fu (0, =i, Ju—u (9, —il,)u'} (2.43)

which transforms according to u,, — Ku, K ¥ From the above equations, it can be observed that
interactions between nucleons and pions emerge from the covariant derivative, as well as from the
chiral vielbein.

A leading-order Lagrangian with a very similar structure as in (2.40) is obtained in flavor SU(3).
However, there are some differences occurring since the octet baryons are now included inside the
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matrix B. The Lagrangian is given by [74]
LY =Tr (B (i - )B)+BT By"ys {u,, B} + Lo (By [u,, B] (2.44)
op = (B (i my I CAAPER UM 7 T (BY s Uy , .

where the introduced traces operate in flavor space. The covariant derivative is also slightly changed,
i.e.

D,B=9,B+[T, B|, (2.45)

and it transforms as DB — K (D”B)K ', Also, in Eq. (2.44) there are two axial-vector interactions
proportional to the constants D and F', which have to fulfill the relation D + F = g, to translate back
to the two-flavor case (matching).

Considering the power counting for the above Lagrangians in the two- and three-flavor case, the chiral
vielbein contains derivatives of the pseudo-Goldstone bosons and, hence, has chiral order O(p). The
baryon mass in the chiral limit, m,, has no chiral order, since it is of the same order as the chiral
symmetry breaking scale A, . It can therefore not serve as a “small” expansion parameter and counts
as order O(1). The same is also true for the baryon momenta, which are generated by the derivative
term /) in momentum space. However, the difference (i) —mj) corresponds to (p — m)) in momentum
space, which can be considered as a small scale with chiral order O(p). Using these properties, baryon
Lagrangians of higher order can be constructed.

Unfortunately, the appearence of the baryon mass my still causes problems in the power count-
ing when loop calculations are performed. This was first pointed out in Ref. [73]. The large mass m,
also enters the baryon propagator

i5C(p + my)
sgp = L, (246)
p-—mg+ie

and leads to terms in the loop function, which explicitly break the power counting. This is a severe
issue, because if the power counting does not work, one is not able to identify relevant Feynman
diagrams for a calculation. Diagrams that appear to be of higher order could still contribute at lowest
order, which makes the EFT inconclusive.

Fortunately, there are some methods, which can be used to restore the power counting. One method is
to systematically subtract the polynomial terms, which violate the power counting, within a modified
regularization scheme of the loop integrals. This process is called “Extended On-Mass-Shell (EOMS)”
scheme [75] and it is one of the widely used approaches today to calculate observables within the fully
relativistic formulation of BChPT (see e.g. [76]). A different method, which also uses a modified
regularization scheme, is the so-called “Infrared Regularization” [77]. In it, the integration limits of
occurring Feynman parameter integrals (see App. B.2) are changed to tame the loop integral parts,
which lead to the violation of the power counting. A lucid overview of both methods can also be found
in Ref. [17].

Another method to restore the power counting is the heavy-baryon (HB) formulation of BChPT, also
called heavy baryon chiral perturbation theory (HBChPT) [78]. In this approach, the inverse baryon
mass, 1/my, is used as an additional expansion parameter, which, in turn, eliminates the mass scale
from the leading order Lagrangian. To achieve this, the momentum of the very heavy baryon is written
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as
Pu=mgv, +1,, (2.47)

where v, is the four—velocity“, which obeys v? =1, and [, is a small off-shell momentum satisfying
(v - I) < mg. Then, the baryon field B can be decomposed into eigenstates of the four-velocity
projection operator P, = %(1 + ¥) according to

B=¢ """ (B,+b,), with yB,=B,, and yb,=-b (2.48)

Vo

where B, is the large component field and b,, is the small component field. After inserting the above
ansatz into Eq. (2.44), one obtains a Lagrangian in terms of B, and b,,. Then, one can perform a shift
of variables to absorb mixing terms of b, and B, and integrate out the small component field b, 12
The resulting Lagrangian is given by

L0 =Tr (B, Gv-D)B,) +DTr (BVS“ (it Bv}) +FTr (Evsf‘ [t Bv]) +o, (249)

where S* is the Pauli-Lubanski spin operator, which is defined by

1
N =375 (Y'y =), (2.50)
and obeys the relations v - § = 0 and §? = (1 = D)/4 in D spacetime dimensions. The ellipses
in (2.49) denote terms of order O(1/m), which can be neglected assuming that m, is very large. The
corresponding propagator for the B, field takes the form

iob

S (w) =
() w+ie

, with w=v-I[. (2.51)

One can clearly observe that the mass scale does not appear anymore at lowest order and, hence, the
power counting can be carried out without problems. Corrections of order O(1/my) can be included
systematically within the framework. We will utilize the HB formulation later in chapter 5 when we
consider the heavy bottom-quark baryons. In fact, the idea of the four-velocity decomposition in
HBCHhPT is exactly the same, which is used in heavy quark EFTs (see e.g. Ref. [80]). For additional
information on BChPT for baryons containing a single heavy quark, see Refs. [81, 82].

2.6 Non-relativistic EFTs and the particle-dimer picture

Although chiral perturbation theory provides a successful description of mesons and baryons and
their interactions, it is not the only effective field theory (EFT) approach, which can give meaningful
insights to low-energy phenomena of QCD. As we have already seen in the heavy baryon formulation
of BChPT, some useful approximations can be made if the mass of an appearing particle is very large.
In fact, once the particle’s three momentum p is significantly smaller than its mass m, the physics

1 For example, in the baryon rest frame the four-velocity is given by v,, = (1,0,0,0).
12 This procedure can be performed very elegantly in the path integral formalism, see Ref. [79].
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of this partice can be described by non-relativistic quantum mechanics. In this limit, the relativistic
particle field can be separated into its particle and antiparticle part by using the Foldy-Wouthuysen
transformation [83]. Afterwards, the antiparticles can be integrated out resulting in a theory that
only contains particles and conserves particle number, which is obviously not the case in the fully
relativistic limit.

Such a non-relativistic effective field theory (NREFT) presents a valuable approximation when
describing processes in which all appearing particles are low energetic and particle number conservation
can be assumed. We now want to give two examples on how to implement non-relativistic kinematics
for the particle in NREFT. The first possibility is to use the well-known Schrodinger equation as the
equation of motion. For this case, the Lagrangian takes the form (see e.g. [41])

) 1 -
Lo =y (lﬁo + %Vz) v, (2.52)

where ¢ denotes a non-relativistic scalar field"? with mass m. The corresponding propagator of the
particle is given by
o 1
Sse (PoP) = ——— - (2.53)
po— 5= +ie

One can clearly observe that the propagator does not contain a quadratic structure in the variable p,
meaning that there is no pole coming from the antiparticle.
The second possibility is the so-called covariant NREFT, which is especially used to describe particle
processes in which some momenta can become larger. This covariant framework is, for example,
utilized when pions appear in the physical reaction, like in the calculation of the kaon decay amplitude
into three pions (K — 3) [84]. The covariant Lagrangian is given by [84, 85]

L, =u2W (6, W)y, with W=+m?>-V?, (2.54)

where the non-local differential operator W has to be understood as a series expansion in inverse

powers of the mass, i.e.
> vV
N =V =m— —— = =+ (2.55)

m g T

The square root structure of the operator ensures that resulting amplitudes are relativistically invariant
and leads to the well-known relativistic energy-momentum relation in momentum space, which can be
observed in the propagator

1
* 20(p) [po - w(p) + ie]

Also here, the propagator does not contain a pole from the antiparticle. We suggest Ref. [17] and the
references therein for further reading.

Scov (pO’ ﬁ)

. with w(p) = m*+ |p*. (2.56)

13 We consider only scalar fields in this brief introduction. However, the formalism can also be extended to include particles
with spin, see e.g. [17].
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Chapter 2 Theoretical foundations

Another important concept within the framework of NREFT is the so-called “particle-dimer ap-
proach” [38, 39]. This approach was introduced to provide a convenient treatment of three-particle
systems and their dynamics, which can become very complex due to the appearence of two- and
three-body forces (see e.g. Refs. [41, 42] for a detailed introduction). The particle-dimer picture
simplifies the calculation of three-particle scattering processes by introducing an auxiliary field,
the so-called “dimer field”, into the theory. This dimer field incorporates two-particle scattering
information. Then, instead of calculating three-particle scattering, one calculates the scattering of one
particle with the dimer field. The obtained particle-dimer scattering amplitude is equivalent to the
original three-particle scattering amplitude [38, 40]. We want to utilize this particle-dimer formalism
later in chapter 4 to describe the Roper resonance.

To better understand the functionality of the dimer formalism, we want to take a look at a specific
example. Consider the Lagrangian [41]

L=y (iao + ﬁ?z) v - % (w'ﬂp)z - % (¢*¢)3 o, (2.57)

where ¢ again denotes a non-relativistic field with mass m and C and D, are two low-energy constants
(LECs) describing a two- and three-body contact interaction, respectively. The ellipses denote terms
with more field insertions or derivatives. From the Lagrangian it seems obvious that calculating a
three-particle scattering amplitude is still manageable at tree level but becomes much more complex
at the loop level due to the large amount of possible Feynman diagrams. Let us instead consider the
modified Lagrangian

L=yt (i@o + ﬁﬁz) Y+ AT'T - % (T*w + h.c.) + T Ty (2.58)

Here, T is a non-dynamical auxiliary field called the “dimer field” and A, g and # are three new LECs.
Since the field T does not have any derivative terms, one can straightforwardly find the equations of
motion for it. These equations can then be used to integrate out the auxiliary field. After this, one
arrives at

, R SWy)
L= T(a —vz) -
VIt )Y 2A + hyty)

where the denominator in the second term has to be expanded in terms of the fields, so that

1= : *h

=yt oy + —V2 |y - S+ ES )+

L=y (z 0t 5, )w R+ S0

This Lagrangian does now look very similar to the one in Eq. (2.57) and, in fact, they are equivalent
(L’ = L) if the matching conditions

2 2
g 3g°h
CO:X’ and DO=—A2 ,

(2.59)
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2.6 Non-relativistic EFTs and the particle-dimer picture

hold. Therefore, instead of calculating the three-particle scattering amplitude from Eq. (2.57), one can
use the mathematically equivalent Lagrangian in (2.58) and calculate the scattering amplitude between
one particle and the particle-dimer field. This means the three-body problem is reformulated as a
two-body problem, which can be investigated with much more ease. The particle-dimer Lagrangian
can also be modified to include derivative terms for the dimer field, so that it becomes a dynamical
field. Further information about the dimer approach and its applicability can be found in Ref. [17].
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CHAPTER 3

The Roper resonance in a finite volume

3.1 Prologue
The content of this chapter including appendix B is based on the publication

* D. Severt and U.-G. Meiliner, “The Roper Resonance in a finite volume”,
Commun. Theor. Phys. 72, no.7, 075201 (2020) [arXiv:2003.05745 [hep-lat]].

In this chapter, we calculate the finite-volume energy levels corresponding to the Roper resonance
based on a two-flavor chiral effective Lagrangian for pions, nucleons, deltas and the Roper resonance
at leading one-loop order. We show that the Roper mass can be extracted from these levels for not too
large lattice volumes (Ref. [86]).

The project started with the idea to find the finite-volume (FV) energy spectrum of the Roper resonance.
This spectrum has not been determined before with EFT methods. For the baryon resonance lying
below the Roper, the delta (A) resonance, such a calculation has been performed some years prior
in Ref. [24]. An analogous calculation for the Roper resonance was the goal at the start of the
investigation.

The author of this thesis used the chiral effective Lagrangian for the Roper resonance that was already
introduced in Ref. [22] to calculate the Roper mass up to third chiral order in the infinite volume. To
calculate the mass, one has to find the pole positions of the particle propagator, in this case the Roper
resonance propagator, and evaluate the self-energy contributions of the particle. The self-energy of
a particle is caused by interactions of the particle field with itself or with other fields. Once these
self-energy contributions are calculated, one can deduce the physical mass of the particle. Since the
Roper is a resonance, its pole position is typically parametrized by Z = myg — i’z /2, where my, is
the mass and I'y is the decay width of the Roper. The calculation of the mass and width was also
performed in Ref. [22] and the author of this thesis reproduced the result from the reference. It turned
out that the self-energy of the Roper depends on interactions of the Roper field with nucleons (N), delta
resonances (A) and pions (). After this step, the author performed the transition to the finite volume.
In that, the Roper resonance is placed into a cubic box of side length L, which means that the particle
is confined in a fixed volume. This naturally influences the energy of the particle, since its spatial
momentum X is now quantized and can only take on values of k = 2nii /L, where the components
of n are integers. The loop functions in the self-energy must then be calculated by summing over
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the spatial momenta, instead of integrating over them'. The author introduced the Roper resonance
to the finite-volume formalism and obtained the FV self-energy contributions. The evaluation of
the three-dimensional sums is in general non-trivial. In some cases, sums can be simplified using
modified Bessel functions of the second kind. In other cases, sums can lead to pole structures, which
have to be treated with care. These poles arise, when intermediate particles inside the loop go on-shell.
For example, the Roper resonance can decay into a nucleon and a pion, which produces a pole in the
self-energy. The author simplified the sums as far as possible, analogously to the procedures given in
Refs. [24, 87]. After that, an equation for the finite-volume energy levels was obtained, which yields
the FV spectrum of the Roper. To obtain this spectrum, the equation for the energy levels must be
solved numerically for a specific box length L. The procedure is repeated for different values of L to
investigate how the energy levels change, when the volume is changed. The author obtained the said
FV spectrum for three different cases: Considering first only nucleon and pion as intermediate states
in the self-energy and, second, only delta resonance and pion. Then, both cases are combined to one
coupled channel system.

One problem in the theoretical description is the delta resonance, which is not a stable final state, but
decays further into a nucleon and a pion. In the beginning, the author of this thesis was not aware,
how the unstable nature of the delta can be implemented into the calculation. U.-G. Meifiner and the
author then decided to keep the delta stable to obtain a first approximation for the Roper resonance FV
spectrum. The inclusion of an unstable delta resonance should be achieved in an upcoming work.
This work is discussed later in chapter 4.

3.2 Introduction

In the last years a lot of work has been done to understand the hadron spectrum as it emerges from
Quantum Chromodynamics (QCD). However, the excited baryon spectrum of QCD is still not very
well understood and requires further theoretical investigations. At low energies chiral perturbation
theory (ChPT) has proven to be an important tool to describe hadrons and their interactions, especially
in the Goldstone boson sector. The inclusion of baryon states in ChPT is also possible and baryon
chiral perturbation theory (BChPT) is widely and successfully used today. BChPT requires a more
sophisticated approach because of the breakdown of the power counting due to the inclusion of these
heavy degrees of freedom and their large masses. This issue can, however, be resolved either by using
the so-called heavy-baryon approach or a suitably chosen renormalization scheme within an explicitly
Lorentz-invariant formalism, like the infrared regularization (IR) or extended-on-mass shell (EOMS)
approaches, see e.g. the review [88]. This allows to investigate the properties of a few low-lying
excited states. Unitarization methods allow to address more meson and baryon resonances, however, at
the cost of introducing some model-dependence as various unitarization schemes can be employed. To
access a larger part of the spectrum, a different approach is required. Lattice QCD is a first principles
method that allows to calculate the hadron spectrum from the underlying fundamental quark and gluon
fields. Calculations do an outstanding job in describing the lowest-lying hadron states. With ever
increasing computational power, improved algorithms and refined finite volume methods, especially
hadron ground states are simulated more and more precisely on the lattice. Excited states are more
difficult to access, though there has been some visible progress in the last years. The present state of
the art is reviewed in Ref. [89].

! The three-dimensional spatial integral is replaced by a three-dimensional sum.

24



3.2 Introduction

One excited state that is of perticular interest is the Roper resonance, which was found in 1964 using a
partial wave analysis of pion-nucleon scattering data [12]. It is a spin-1/2 state with positive parity
(like the nucleon) and with a mass of around mp = 1.44 GeV? it lies slighty above the delta resonance.
The most remarkable feature of this low-lying baryon resonance are its decays. Besides the decay into
a pion and a nucleon, it also decays into a nucleon and two pions (via the Ar and No intermediate
states) with a branching fraction comparable to the N7 mode. This three particle final state becomes
important in lattice simulations involving three or more hadrons, see Ref. [91] for a recent review.
It is also worth noting that there are going experimental programs to map out the electromagnetic
structure of the Roper resonance, in particular through electro-excitatation and related theoretical
studies, see e.g. Refs. [92-95].

A dedicated lattice QCD study of the Roper using both quark and hadron interpolators was performed in
Ref. [15], see also Ref. [16]. In Ref. [15] a number of three-quark interpolating fields was supplemented
by operators for N in P-wave and No in S-wave. In the center-of-momentum frame three eigenstates
below 1.65 GeV were found. No eigenstate corresponding to the Roper at mp = 1.44 GeV is found,
which indicates that N elastic scattering alone does not render a low-lying Roper. Coupling with
other channels, most notably with Nz, seems to be important for generating the Roper resonance.
The study of the coupled-channel scattering including a three-particle decay Nz remains a challenge.
Here, we follow another path. An effective field theory treatment of the Roper resonance has already
been established. In order to improve the investigation of the Roper on the lattice, a finite volume
calculation of the system is performed. The Roper is placed in a finite cubic box of size L and we
study the difference between its energy spectrum in the infinite volume and finite volume case, i.e.
the finite volume corrections of the Roper resonance. Due to the presence of a narrow resonance,
the energy levels in the box show a very characteristic behaviour near the resonance energy. The
energy levels get shifted when the box size L is changed, but they do not cross each other. This is the
so-called “avoided level crossing” [23].

In this work we want to find out if this behavior can also be seen in the energy levels of the
Roper system. To do so, we study the finite volume corrections of the self-energy of the Roper up to
third chiral order O(p3) and perform a fit of the energy levels. A similar study has already been done
for the delta resonance in [24] and we treat the Roper resonance accordingly.

Our manuscript is organized as follows: In Sec. 3.3, we display the effective chiral two-flavour
Lagrangian of pions and baryons (nucleon, delta, Roper resonance) underlying our calculations. In
Sec. 3.4, we calculate the self-energy of the Roper resonance in the continuum volume. The calculation
of Roper self-energy in the finite volume is given in Sec. 3.5. The results for the energy levels of the
Roper and the pertinent discussion are given in Sec. 3.6. We end with a short summary and outlook in
Sec. 3.7. Some technicalities are relegated to the appendices.

2 This is the less reliable Breit-Wigner mass [90].

25



Chapter 3 The Roper resonance in a finite volume

3.3 Effective Lagrangian

First, we discuss the chiral effective Lagrangian that we need for our calculations. It is taken from
Ref. [22] (for earlier related work, see e.g. Refs. [18-21]) and is given by

Leff. = ‘£7r7r + ‘LRN + ‘LnR + "£7TA + ‘LerA + LHNR + ‘LnAR . (31)

The dynamical degrees of freedom are pions (1), nucleons (), the delta (A) and the Roper resonance
(R). We restrict ourselves to flavor SU(2) and work in the isospin limit (m,, = m,; = 7). In what
follows, we work to leading one-loop order, O(pS), where p denotes a small momentum or mass. We
count the pion mass as well as the mass differences mg — mp, my — my and mg — m, as of order p.
When going to higher orders, this naive counting requires modification as detailed in Ref. [22]. Now
let us enumerate the contributions required for the O(p3) calculation of the Roper self-energy. The
relevant terms from the mesonic Lagrangian are

F? R
L0 == (aﬂUaf‘U') + e (U)(T + XUT) : (3.2)
where U is a 2 X 2-matrix that contains the pion fields, F is the pion decay constant in the chiral limit,
which will later be identfied with the physical pion decay constant F,. Further, y is the external scalar
source which is given by the diagonal matrix

M2 0
X = ( 0 MZ) ; (3.3)

T

with the pion mass M (we have already identified the leading term in the quark mass expansion of
the pion mass with its physical value). The leading order (LO) terms of chiral dimension one and one
required next-to-leading order (NLO) term of chiral dimension two containing pion fields and the
spin-1/2 baryons read

a oy |- 1
LY =P, (i : v
xR = TR|! _mR0+§8R¢75 R
2 -
LA = RV Tr (x,) ¥y - (3.4)
Here, ¥, and W} are the isospin doublet fields with chiral limit masses m,;, and mp of the nucleon
and the Roper resonance, respectively. The interaction of these fields with the pion field is characterised
by the axial couplings g4 and g and the chiral vielbein
u :i(uTa u—ud uT) 3.5)
H u u ’ .
where u = VU. The last equation in (3.4) denotes a term of the second order pion-Roper Lagrangian

with the low-energy constant (LEC) cf and y, = u' )(u* +u )(Tu. This term is required in the
calculation of the Roper self-energy to be discussed below. Since we are only interested in strong
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3.3 Effective Lagrangian

interaction processes we leave out all other external sources. The covariant derivative is then given by

D, ¥nk = (3, +T,) ¥ae (3.6)
with
T, = {u'au+udut 37
u= 5 u 'ul/t u 'ul/i . .

The spin-3/2 delta resonances are introduced as usual in terms of Rarita-Schwinger fields W',
i € {1,2,3} [96]. The LO Lagrangian reads

Lirli - —L 3}_/2 {(ilpik _ onéjk) g i (nyv,jk + /vay,jk) + l-yymjkyv
ik 81 ,jk 8 L jk L jk
VY + S s + (V”MV T uttd VV) ¥s
83 13 3/2\yl
+?7#¢J ’YS'YV}‘fkl/ va (3.8)

where m, is the chiral limit mass of the delta, g,, g,, and g5 are coupling constants, that are, however,
not independent [97]. Further, ffj/ % is the isospin-3/2 projector

1
&7 =0, - 37T (3.9)

in terms of the Pauli-matrices 7;, which are defined as

0 1 0 —i 1 0
Tl:(l 0), Tl:(i Ol), 1'1:(0 _1). (3.10)

The propagator G°* (k) of the spin-3/2 Rarita-Schwinger propagator in D space-time dimensions is
given by

1 kPyH — P KM D-2
LY.V

GPH(k) = B
(k) = 5—— D-1 (D-Dmy (D= 1)m?

k™ —my +ie

ikt my) (gp“ k”k") . 31D

where we use the physical delta mass m,, which is legitimate in our calculation. The LO interactions
between pions, nucleons, deltas and Roper resonances are completed by

M _ g (8aNR
Loyvg =Yg (ﬂTm’s) ¥, +he.,
LgrlI)VA = hq’Lffj/z@)”a (z1) W, ¥y +hec.,
L g = hgPLE O (25) WPy +hic. . (3.12)

Here, g, ng- h, and hy are coupling constants and

1 .
w, = 5Tr (T’uy) . O () =g+ Y, (3.13)
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Chapter 3 The Roper resonance in a finite volume

Figure 3.1: One-loop diagrams contributing to the Roper mass at third chiral order. Thick solid, dashed, solid,
and solid double lines refer to the Roper resonance, pions, nucleons, and delta baryon states, respectively. The
vertices denoted by a filled dot refer to insertions from the first order chiral Lagrangian.

where z; and z, are off-shell parameters. Throughout this text we follow Ref. [22] and set g, = —g, =
—gz and z; = z, = 0, see also Refs. [98, 99]. More terms have to be taken into account if one is
interested in performing calculations of higher chiral order.

3.4 Self-energy of the Roper resonance

To calculate the mass of the Roper resonance in the infinite (and also finite) volume we have to
determine the poles of the dressed propagator

i
P—mro—2g (p)

Here, 2 denotes the self-energy of the Roper, which can be calculated from all one-particle-irreducible
contributions to the two-point function of the Roper resonance field ¥y. The poles are obtained by
solving the equation

iSg (p) =

(3.14)

!

[p = mro ==k (P)]],-2 =0, (3.15)

where in the infinite volume Z is parametrized by

Z=mp—-i= (3.16)

2 b
in terms of the physical Roper mass mp and its width I'p. This implies that the real part of the
self-energy corresponds to corrections of mg, whereas the imaginary part corresponds to corrections
of I'p.

At third chiral order there are three one-loop diagrams contributing to the self-energy of the
Roper resonance, which are depicted in Fig. 3.1. The diagrams differ by the internal baryon state,
which can be a Roper, a nucleon or a delta baryon. Additionally, there is a contact interaction coming

from the second order Lagrangian of the Roper in Eq. (3.4). The self-energy up to order O (p3) then

reads
Ze () = T3 (0) + 0% (0) + Z00 () + =00 (p) +0 (') - (3.17)
————
contact int. loops

28



3.4 Self-energy of the Roper resonance

Using the effective Lagrangians from Sec. 3.3, we can straightforwardly write down the expressions
for the self-energy. For the second order contact interaction we find

= = —acfm?, (3.18)

and the three loop contributions are given by

2 4 .
53 _ 38R d'k ikys (p — k +mg) kys ’ 319
v () 4F; / Qm) [(p - k) — my +i€l[k® — My + ie] G19
2 4 .
s® (o - Sane [ Ak ikys (p — K +my) ks ’ 390
o (7) 4F} / Q) [(p - k)? —m3y +i€l[k*> — M> + ie] (3:20)
G o 2hx [ d'k (p=K), G (K)(p-k),
Za () = F? / @r)t (p-k)? - MZ*+ie ©.21)

where G”#(k) is given in Eq. (3.11). The three one-loop contributions to the Roper mass can be
expanded in terms of the scalar Passarino-Veltman integrals (PV integrals). This expansion is done
using the Mathematica package FeynCalc [100, 101]. The definitions and solutions of the PV integrals
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Chapter 3 The Roper resonance in a finite volume

can be found in App. B.1. This results in

g - 2 [ L __tbnle_Ermg b

4F; J Q) (= k) —mg +iellk® ~ My +iel|,_,,
3 2
= ng2R {M,erO (m%e, m%e, M,%) + A (mé)} , (3.22)
32F,

243 d*k (p—k), G" (k)(p-k),
o0 (P = mg) = R/ -

E2J @nt (p-k)* —-M:+ie

p=mg
__ hk {
967r2F7%mimR
- [(mA + mR)2 — M,%] A (m%g, mi, M,%) B, (m?g, mi, M,%)

+

2
m4A + ZmZmR + (M,zr - mé) - mi (mfe + 2M,2r)

mi + 2mZmR - 2mAmfe

o 05

+ 2mympg (mfe - Mi)] A (mi) +

— m4R - 2mZM,2r + 6mAmRM,% + Sm?(,M,zr + Mi

h%e { 4 3 2 23 5
+ —————Bmymp — 12mymp —dmymp + 2m
5767T2F,%mi ATR ATR ATR R
— 8my M2 + 13mpM? + 4m, (m;‘2 —3mAM2 + 4M;4r)} : (3.23)
G .\ 3gwr [ dk ikys (p — Kk +my) kys
T (p=mg) =
an P R 2 4 2 2. 2 2 .
4F; Qn) [(p—k) —my +ie]lk” — M, + i€] pemp
_ —3g2 2 2 2 )
= 27T1\£R {(mR + mN) [((mR - mN) — Mﬂ.) BO (mR, mN’ Mﬂ-)
12872 F2my,
— Ay (mi,)] - (m%e - miy) Ag (M,%)} . (3.24)

We used Kiillén’s triangle function A(x, y, z) = (x — y — 2)* — 4yz to simplify the lengthy expression
of ZSX.

Evaluating these scalar integrals in the infinite volume leads to the well-known infinities that one has
to tame within the framework of renormalization. Procedures like the MS scheme use redefinitions
of the bare parameters in the Lagrangian to subtract the infinities. Additionally in baryonic ChPT
one will encounter terms in the expansion of the loop diagrams that break the power counting. These
so-called power counting violating terms can be handeld with different techniques, like the heavy
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3.5 Finite volume formalism

baryon approach, IR or the EOMS scheme. Within this EOMS scheme one performs additionally
finite subtractions to cancel the power counting violating terms. In the end one obtains a finite result
that is consistent with the power counting. Further details relevant for our calculations can be found,
e.g., in Refs. [75, 76].

3.5 Finite volume formalism

Next, we consider the Roper resonance in a finite volume. We place our system in a cubic box of
length L and calculate the difference between the finite and infinite volume case [26]. In the finite
volume the (Euclidean) loop integral is replaced by an infinite sum of the spatial momenta while the
integration over the time component remains unchanged (in actual lattice QCD calculations, the time
direction is also discrete, but we keep it continuous for simplicity)

d*ky dky 1
(.0 / (.. (3.25)
/ n)* 27 3 Z
In a finite volume the spatial momenta are discretized and can only take values that are integer

multiples of 27/ L, i.e. (for a general discussion of theories with spontaneous symmetry breaking in a
finite volume, see e.g. Ref. [102])

.2
k= T’Tﬁ, nez’. (3.26)

This change obviously influences the self-energy of the Roper resonance. The poles of the propagator
are now given by

P—mgo—2k (p) =0, (3.27)

where 2115 (p) denotes the self-energy of the Roper in the finite box. The difference beetween the
self-energy in the box and in the infinite volume is defined as the finite volume correction (FV
correction) of the system [103, 104]

£ (p) =2k (p) ~Re {Zx (p)} - (3.28)

Note that in the finite volume the self-energy can only yield real values due to the summation over real
momenta k. Therefore we have to restrict the infinite volume self-energy to its real part to ensure a
non-imaginary FV correction.

Using Eq. (3.28) we can reformulate Eq. (3.27). We choose the center-of-mass frame p,, = (E, 6) and
use the on-shell condition p = E to obtain

0=E —mpy - [ifg (E) +Re {Zg (E)}]

= B~ |mgo +Re {Sp (B)}| -Sk (B) & mp—E =-Sk(E),

mpg
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where we used the definition of the physical Roper mass myp, i.e. the real part of the pole, in the last
step. At third chiral order, the contributions to the self-energy are the ones from Fig. 3.1. We get

mg—E =— {i}f’R@) (E) + S5O (B) + SLO (E)} , (3.29)

and our goal will be the numerical evaluation of this equation. The three one-loop contributions to
the Roper mass have been expanded in terms of the PV integrals in the last section. Now we have to
replace the infinite volume quantities with their finite volume expressions. We obtain

S50 ) =~ (5 ) (12 4 |8 me)? - 022) B (% 02)
— AL () |+ (e - ) A (M,z)} , (3.30)
SLO (p) = ——123521;’;[? (E + my) {(E +my) |((E = my)? = M2) B (E%mi, 017
= Af (mi )| + (my - E) &F (M,%)} : (3.31)
B0 = o [ 1] () (5 )
+ g+ 20 + (M} - E2)2 - mj (B +2017)

+2myE (E2 - M,zr)} A(I)“ (mi) + mi + 2mZE - 2mAE3

— E* —2mAM? + 6myEM? + 5E*M> + M

AL (M,%)} , (3.32)

where A{ and BJ' are the finite volume corrections of the PV integrals which will be determined next.

3.5.1 Calculation of loop integrals in the finite volume

Let us consider as an example

d'k i
2 2
Ag(m™) = —16n / (277)4 PER. (3.33)

in four-dimensional Minkowski space. We will follow the procedure described in Ref. [24] here. First
of all we perform the Wick rotation k, — ik, to Euclidean space, so that the integral can be rewritten
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3.5 Finite volume formalism

as

d*k 1
Ao (mz) = —16n° / E_— . (3.34)
Q2n) kg +m

Now we can define the finite volume PV integral by replacing the Euclidean spatial integral with a
discrete sum

= dk, 1 I
Af (n) =—l67r2/ SN (3.35)
o 2T [, = kg + k" +m

where the momenta k are restricted according to Eq. (3.26). The evaluation of this sum is the next
task. First, we note that the function inside the sum is regular, i.e. it does not possess a pole on the
real axis for all values of k, and k. Therefore we can use the so called Poisson trick to simplify the
calculation. We insert the Dirac delta into the equation

“dky 1
af () = -t6e* [ S [ S (3)( —”ﬁ), (3:36)

+|k| +m

and then we use the Poisson formula in three dimensions

> 6 (12 - zf”ﬁ) - (%)3 > exp (iL?z : 1?) . (3.37)

Plugging this result in our finite volume PV integral we obtain

d*k 1 -
AL (m?) = —1672 / E__ QLR (3.38)
0( ) (2n)4k§+|k|2+m2;

where we have regained a four-dimensional integral over momenta times a sum of exponential functions.
We observe that the term in the sum with 7 = 0 reproduces the infinite volume PV integral from

Eq. (3.34)
s Ik eiu?ﬁ
L{ 2\ _ 2 E E
Ao(m)——l67r / g‘/ i3 o5 2
(271) k4+|k| +m? 2m)" kg + |k|” +m

= ao () -162 Y [ AT (339)
2r) ki + |k|"+m

n#0

Thus, the finite volume correction is given by

Al () = Af (m?) - g (m?) =—167r22 / d4kE eiLkﬁ . (3.40)
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Chapter 3 The Roper resonance in a finite volume

The remaining integral is finite and can be solved with standard methods. After integrating the spatial
part we are left with

( :-42 / dkye NG :—4mZZ—K1n(1"L1]L,j), (3.41)

Jj#0 Jj#0

where j = |ii| = [n] + n3 + n3 and K,(z) is the modified Bessel function of the second kind. For
large values of the box length L and the summation index j the finite volume correction decreases
exponentially so that it becomes negligible for large volumes (usually this is expected for M, L > 4).
A similar calculation can be done for Eé . After performing the Wick rotation in the infinite volume,
the integral has the form

4
B(E m%, M )_16 /dkﬁ —— ! ., B, =GED), (42
2n)" [kp + MA][(P — kg)” +my]

and the finite volume expression is given by

dk 1
BE(E% m3, = 167 f — _ . (343)
0 ( X ) 2m 3 Z 24 1k) + MA[GE - k) + k) + m%]

The next step is to use Feynman parameterization, see App. B.2 for further details, to combine the two
denominators and then perform a shift in the non-discret momentum component k4. The resulting
expression reads

dk, 1 1
B (B2 m, M2) = 16m / / e = (3.44)
T k k4 + k> + gx (y,EZ)]

with
ex (#E?) =y = DE>+ ymk + (1= y) M} . (3.45)

Depending on the values for E, my and M, the function gy ( vE ) can be positive, negative or zero

for some values of y. If gy (y, ) > 0 forall y € [0, 1], the function inside the sum is regular and we

can again use the Poisson formula analogously to AO . The finite volume correction then is

By (E%mi, M3) = / dy )" Ko |LinJex (v E?)

0 Jj#0
Also here the correction drops exponentially for large L and j. Note that the parameter integral over y
has to be evaluated numerically. However, if the function gy is negative or equal to zero for some
values of y, the Poisson formula is no longer applicable. In our calculation for example, if my = mg
the difference between the pole position E and mp is small and gy stays positive. If my = my;, my
the function can become negative and we have to find another way to evaluate the finite volume

(3.46)
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3.5 Finite volume formalism

contribution. To do so we follow again Ref. [24] and introduce a scale y, which will be used to subtract
ultraviolet divergences from the infinite sum. Also the scale can be choosen in such a way that the

function gy ( v, ;12) stays positive. We expand the finite volume correction as

B (E m%, M2 ) BL (E m%, M ) Re{BO (E m, MZ)}
s (E mg(,M) Re{Bo (E mX,MZ)}
+Bo (,u mi,M ) Bo (u mi, M,zr) + By (,uz,mi, M72r)
d (-
2 2 L 2 2 2
+(E*- )E{BO (% mi 112)

- By (E% mi, M3) + By (E% ik, 17 }

Joe

= 167 {Hf‘ (EZ) + HE (EZ) + HY (EZ)} : (3.47)
and separate it into three terms, which are given by
167 1 () = {Bg (2 i M) = B (12, 3 M2

d
2 2 2 2 2
_(E — M )EB(I; (E ,mx,Mﬂ.)

Bt
167 1Y () = { e {8y (£ mX,MZ)}—BO (12,0, 017)

} . (3.50)
2=

The first subtraction term with the newly introduced scale u ensures that the correction converges,
while the derivative terms lead to a faster convergence. The first term, H 1X , contains only terms with
momentum sums. After the integration over k4, one obtains

21 «— Ey +E 1 1

X 2 2 2 X

Hi (E):(E _“)_3221915” 2_ g2 2_ 22 3-51)
L= xtrn (Ex +E;)" —E" (Ex + E;)" — i)

} , (3.48)
EZ:pz

1o 15 (£%) = { B (s 022) o+ (£ 2) - B (B2 niZ) | )

d
2 2 2 2 2
- (E — M ) EBO (E , My, Mﬂ)

2
with Ey = mg( + (ZT”) |fi|2 and E, = M + ( ) |7 | In the second term one finds finite

volume corrections that can be calculated with the Poisson summation formula, since the functions
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are regular. We get

1

1
H?(EZ):y/O dy > 1K,

j#0

LiyJex (v ﬂz))

_ (Ez _ ’uz) yOy—DLj

zm b W) N ER )

The last term only contains infinite volume quantities which can be calculated with standard methods

K,

2, 2 2 2 2 2
ng(Ez):— B In E”+my — M, + Bg il E* —mx + M, + B
) 321°E? E*+m% - M - B E*—mk + M> - B,
B 22 a2 22 42
+ ’21 5 {arctan B T7Mx = Pr | 4 arctan |22 2X T P
167" 1 Bll Bﬂ

-
2 2 2 2

167" u 2E u :

2 2 2 2
B2 _ 2 (E —,u)(mX—M) M?
LD S " In
mx

2
(mg( - M,Zr) - ,u2 (mi + M,%)

+
2
W B,
2 2 2 2 2 2
+my - M -my +M
x |arctan | 20X~ x| 4 gregan [ 2X T P , (3.53)
B, B,
where we used again the triangle function to define
2
By = A'? (EZ, m, M,";) = \/(E2 —m - M,%) —dmi M2, (3.54)
2
B, =il (,ﬂ, m, M,E) = \/_ (,ﬂ —m - M,%) +4mi M2 . (3.55)

We now have evaluated all PV integrals in the finite volume that we need. We note that the issue of
using the PV reduction in the finite volume was already discussed in Ref. [24] and we refer to that
paper for details. Thus we return to the main task, the numerical calculation of Eq. (3.29).
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3.6 Results

3.6.1 Calculation of the energy levels

We now want to determine the energy spectrum of the Roper resonance system. To obtain this we take
a look at Eq. (3.29) and try to find numerical solutions for the energy E for different box sizes L. Due
to the presence of the Roper we expect to see the so-called avoided level crossing of the energy levels.

Before we start to solve Eq. (3.29) by numerical methods, let us again consider the results of
the finite volume PV integrals. We have seen that all regular functions in the self-energy of the
Roper decrease exponentially for large L. This includes all tadpoles, i.e. all Aé functions, as well as
BY (E 2 m, M,zr) from the 7R loop in Fig. 3.1. Choosing L to be large we can neglect the contributions

from these functions, leaving just the FV correction from the 7N and the 7A loop (see also Refs. [24,
87]). This facilitates the numerical computation of the energy levels significantly. The simplified
equation reads

382NR
_ T
mr =B =
1287°F2E
i

+—
22 2
96n° FymyE

(E +my)* |(E = my)* - M2 | B (E*mi. 113
[(mA +E)’ - M},] A (B, M,E) BL (Ez, my M), (3.56)

where only the non-regular functions and two LECs (g, and hp) are left. Leaving out these
contributions also simplifies the treatment of power counting breaking terms that would normally
appear in such a calculation. The remaining expression, however, does not contain any power counting
violating terms, so that an additional renormalization scheme, like EOMS, is redundant. Additional
remarks on this issue are given in Ref. [24]. The further numerical studies of the energy levels are
performed by using this equation. Values of the used parameters are given in the next subsection.

3.6.2 Numerical results

For the hadron masses and constants we use the numerical values from Ref. [22]. The baryon
masses are my = 939 MeV, mp = 1365 MeV 3, and my = 1210MeV. For the pion mass we use
M, = 139MeV and for the pion decay constant F, = 92.2MeV. The two coupling constants are
also taken from Ref. [22] and are g, yr = £0.47, and hg = h = 1.42, with the assumption that the
coupling /iy, is equal to the pion-nucleon-delta-coupling / (the so-called maximal mixing [18]). Note
that the sign of g, does not matter as this coupling appears squared in our analysis. We also have to
choose the scale u for the calculation and set y = my; for the nucleon, and u = m, for the delta case.

Now we have everything we need to find the numerical values of E. We evaluate the sums in
the finite volume corrections from |7 |2 = 1 up-to-and-including |ﬁ|2 = 4. Then we solve Eq. (3.56) for
the respective energy levels for different box sizes. To make things easier we first look at the Roper
resonance without the delta, i.e. we set i, = 0 and take only the interaction between Roper, nucleon
and pion into account. The results are displayed in Fig. 3.2. The energy is depicted in units of the

3 This is the more reliable pole mass [90].
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Figure 3.2: Energy levels for different box sizes L considering only pion and nucleon as intermediate states. Red
solid lines display the numerical results and blue dashed lines the free energy levels of the pion and nucleon for
|7 |2 = 1,2, 3,4 (lowest to highest curve).

nucleon mass mjp; and the box size L is multiplied by the pion mass M. The red solid lines denote
the numerical results of E for the respective energy levels while the blue dashed lines denote the free
energy levels of the pion-nucleon final states, i.e.

2 2
2m\? 2\?
Epsy (it) = \/m?v + (fﬂ) |7i|* + \/Mﬁ + (fﬂ) 7%, (3.57)

for |n |2 =1,2,3,4. We can clearly see signs of avoided level crossing at small box sizes, whereas the
curves asymptotally approach the free energy levels at larger box sizes. Also the curves seem to switch
between different free energy levels which is also a typical behaviour for a resonance (see Ref. [24]).
It can be especially observed in the upmost curve between the |7i]* = 3 and |7i|* = 4 levels. This is
exactly the energy region where the Roper resonance is found, i.e. 1365MeV/my ~ 1.45 (which is
called the “critical value” from here on) and the curves approximate more and more the free energy
levels at energies below the critical value.

Now we will do the opposite and set g, g = 0. The calculation is performed like before and is
displayed in Fig. 3.3. The free energy levels of the pion and delta in the final state, i.e.

free (= 2 (27\ o 2 (21\ o
Efe ) = mA+(T) |n|” + M7r+(f) 7|, (3.58)

are denoted by the grey dashed lines. This time we see no clear evidence for an avoided level crossing.
One reason for this is the fact that we are now in an energy region which is mostly above the critical
value. Only the two lowest lying energy levels come close to this energy. Another reason is the
relatively large coupling /g, which tends to “wash out” the typical signature of avoided level crossing.
This effect has been also observed in the energy levels of the delta resonance in a box [24]. It is
important to note that although the delta baryon is a resonance itself we treat it here as a stable particle.
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Figure 3.3: Energy levels for different box sizes L considering only pion and delta baryon as intermediate states.
Red solid lines display the numerical results and grey dashed lines the free energy levels of the pion and delta
for |1'i|2 = 1,2, 3,4 (lowest to highest curve).
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Figure 3.4: Energy levels for the full system for different box sizes L. Red solid lines display the numerical
results and blue dashed lines, grey dashed lines display the free energy levels of the pion and nucleon, pion and
delta, respectively.

This holds as a first approximation with the argument that the Roper first decays in a pion and a delta
baryon (or pion and nucleon) and then later the delta can decay further. For future investigations we
should take the unstable nature of the delta into account. One example to achieve this can be the
replacement of the delta propagator in our calculations with a modified propagator including the decay
width of the delta. This will be done in a forthcoming work.

Now we take a look at the full system with pions, nucleons and deltas. Our results are given in
Fig. 3.4, which now include both possible interactions. The avoided level crossing is again visible
at small box sizes and most pronounced between the free |7 |2 = 3 level of the pion and the nucleon
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Figure 3.5: Energy levels for the full system for different box sizes L without displaying the free energy levels.

and the free |7 |2 = 2 level of the pion and the delta. The switching of the energy levels between
different free energy levels is clearly seen in the vicinity of the critical value. We also depict the results
without the free energy levels in Fig. 3.5 to better display the shape of the curves in this energy region.
Further away from the critical value and for larger box sizes the energy levels behave like the free
ones. Looking at the part of the fit with small box sizes, one may ask the question what happens at
M, L values smaller than the ones depicted. Going to smaller box sizes is problematic because of two
things. One is the fact that for small box sizes around M L =~ 3 the numerical calculation is already
quite unstable due to the overlapping energy levels. At smaller M, L it will be extremely difficult to
distinguish between the different levels. The other reason is that at smaller box sizes the exponentially
suppressed contributions from the tadpoles and the 7R loop can not be neglected any more and have
to be considered explicitly.

All in all the energy levels behave according to our expectations and we see the typical signature of
avoided level crossing due to a resonance. A next possible step would be the investigation of the
energy levels with the inclusion of an unstable delta resonance propagator. Also a calculation beyond
chiral order O(p3) should be considered.

3.7 Summary and conclusions

In this paper, we have analyzed the Roper resonance in a finite volume. The calculation of the Roper
self-energy up to third chiral order in the infinite volume has been repeated and the extension to the
finite volume case has been achieved to find the finite volume corrections of the system. We have seen
that the FV correction of the self-energy contains exponentially suppressed contributions for large L,
which we neglected, and contributions with poles that have to be regularized. The calculation of the
energy levels has been performed using physical baryon and pion masses and only two LECs had to
be taken into account, which had been determined earlier [22]. The main results are:

* In the delta-free case (hy = 0) the avoided level crossing can be clearly seen in the vicinity of
the Roper resonance energy. For large box sizes, the energy levels approach the free energy
levels.
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* In the nucleon-free case (g, r = 0) there are no clear signs for avoided level crossing. This
is caused by the large value of i and by the fact that the energy region lies mostly above the
Roper. The approach to the free energy levels for large L is not as explicit as in the delta free
case.

* Looking at the full system with nucleons and deltas, the avoided level crossing is observed
again. Also in this case the approach to the free energy levels for large L can be seen.

Note that all the discussed calculations here can also be performed at non-physical pion masses. The
remaining question is the treatment of the delta resonance in the finite volume. Assuming the delta
to be a stable particle is a reasonable first approximation, but in further calculations its resonance
characteristic must be included. Further, a calculation to fourth order (or higher) in the chiral expansion
can be considered. However, this will increase the number of LECs that have to be taken into account.
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CHAPTER 4

Particle-dimer approach for the Roper resonance
in a finite volume

4.1 Prologue

The content of this chapter is based on the publication

e D. Severt, M. Mai and U.-G. MeiBner,
“Particle-dimer approach for the Roper resonance in a finite volume”,
JHEP 04, 100 (2023) [arXiv:2212.02171 [hep-lat]].

This chapter is a continuation of the research on the Roper resonance and can be seen as a follow-up
work to chapter 3. We propose a new finite-volume approach which implements two- and three-body
dynamics in a transparent way based on an effective field theory Lagrangian. The formalism utilizes
a particle-dimer picture and formulates the quantization conditions based on the self-energy of the
decaying particle. The formalism is studied for the case of the Roper resonance, using input from lattice
QCD and phenomenology. Finally, finite-volume energy eigenvalues are predicted and compared to
existing results of lattice QCD calculations. This crucially provides initial guidance on the necessary
level of precision for the finite-volume spectrum (Ref. [105]).

One of the main questions at the end of chapter 3 (i.e. Ref. [86]) was how to implement the unstable
nature of the delta resonance into the energy spectrum of the Roper resonance, so that the delta is able
to decay into a nucleon and a pion. This should then result in the Nz final state the Roper is known
for. A first idea was to modify the delta resonance propagator by including the delta decay width
explicitly. However, this straightforward guess produced some issues in the finite-volume formalism,
i.e. complex numbers appeared in the self-energy sums, which complicated their evaluation and
interpretation. A more promising ansatz seemed to be the so-called particle-dimer approach (see
e.g. [37-42]). This approach was developed to describe three-particle scattering in a convenient and
straightforward way. It reformulates the three-body problem as a two-body problem by introducing a
so-called particle-dimer field, which incorporates two-particle scattering. Then, instead of calculating
a three-particle scattering amplitude, one can calculate the scattering amplitude of one particle with
the dimer field. The calculation yields the same result in both ways, which was proven in the literature
several times (see e.g. [40]), but the particle-dimer approach simplifies the computational effort
significantly.
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Chapter 4 Particle-dimer approach for the Roper resonance in a finite volume

The three-particle Nan final state of the Roper resonance is one of its most intriguing features and
the dimer formalism should help to investigate it. The author of this thesis started by formulating a
Lagrangian for the Roper in a non-relativistic covariant framework (see e.g. [85]) with the help of
A. Rusetsky. The degrees of freedom included in the Lagrangian are nucleons and pions, as well as
three dimer fields: the o (sigma) meson, the A (delta) baryon and the Roper resonance. With such
a Lagrangian, the usual procedure to find the finite-volume (FV) energy spectrum is by calculating
scattering amplitudes of dimer fields with the other asymptotic states (see e.g. [36]). In the case of the
Roper system, these would be nucleons and pions, but calculating all possible scattering reactions
causes several difficulties. One of the problems is that a lot of unknown low-energy constants (LECS)
are involved, which are hard to determine, since there are not enough experimental or lattice data. Due
to this reason and other issues, the author of this thesis decided to calculate the FV energy spectrum by
using the Roper resonance self-energy, analogously to the calculation in chapter 3, but this time within
the covariant particle-dimer picture. A first test for the framework was the recreation of the Roper
energy spectrum including only nucleons and pions (see Fig. 3.2 in chapter 3). The new approach
produced a very similar result, which was a striking argument to continue this method. The next step
was the inclusion of the self-energy contributions from the dimer fields, which turned out to be quite
challenging. At around this time M. Mai joined the project, who shared a lot of his valuable insights
about three-particle dynamics with U.-G. Meiiner and the first author. One of M. Mai’s suggestions
was to analyze the o--dimer field by using data from Lattice QCD [106]. This helped to fix some of the
dimer LECs. After that, the author was able to find a first FV energy spectrum for the Roper resonance
with the o-dimer. An analogous calculation for the A-dimer was also performed by the author. As a
final step, the results for the FV energy levels were compared with lattice QCD results from Ref. [15].
The author found an overall good agreement between the two very different approaches to determine
the Roper resonance FV energy levels.

4.2 Introduction

Our understanding of the strong interaction is tested by our ability to unravel the pattern and production
mechanism behind its bound states and resonances. The exploration of this non-trivial and very
rich spectrum is the main motivation behind the large international experimental programs at, e.g.,
MAMI (Germany), ELSA (Germany), Jefferson Laboratory (USA), Spring-8 (Japan) or CERN
(Switzerland), see [107-113] for some recent reviews. Unraveling the pattern of the resonance
spectrum and the mechanism behind its generation has also prompted the develop-ment of many
theoretical tools such as quark models [114-116], or Dyson-Schwinger approaches [117-119]. While
some features of the resonance spectrum seem to be captured by such approaches, they also include
some uncontrolled approximations and do not allow for a first-principle connection to Quantum
Chromodynamics (QCD). Lattice QCD provides such an approach, which already reshaped the
field of hadron spectroscopy leading to many valuable insights on, e.g., the ground state spectrum
of baryons [120] and many excited states, see e.g. Refs. [106, 121-129] as recently reviewed in Ref. [10].

Two paramount examples of the puzzles in the baryon spectrum are the negative strangeness
A(1405)1/2" -resonance with its double pole structure (see for example the recent reviews [130-132])
and the first excited state of the nucleon, the Roper resonance N(1440)1/2". The latter is considerably
lighter than the parity partner of the nucleon, the N(1535)1/27. This is at odds with the quark model
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expectation [133, 134], associated there with the second radial excitation of the nucleon. More
recent phenomenological analyses revealed the complex analytic structure of the Roper [135-138]
including the strong coupling to the three-body (7 N) channels distorting its shape from the usual
Breit-Wigner form. Ab-initio access to such three-body systems from lattice QCD has been obscured
for a long time due to computational complexity and, equally importantly, by the lack of theoretical
tools relating lattice results to real-world quantities. The need for such tools is simply necessitated by
the fact that in lattice methodology QCD Green’s functions are determined numerically in a finite
volume. Ultimately, this leads to a discretization of obtained real-valued spectrum to be related to the
infinite-volume (real-world) in general complex-valued interaction spectrum. This cannot be overcome
in an adiabatic enlargement of the considered volume and mathematical mapping is required, usually
referred to as the quantization condition, for dedicated reviews see Refs. [27, 91, 139]. Lattice results
for such systems are becoming available, see Refs. [15, 16, 140-151]. This is also partially fostered
by the recent progress deriving three-body quantization conditions [28-30, 32, 34-36, 41,42, 152-171].

In the present work we propose and test a new approach to the three-body quantization condi-
tions which can serve as a transparent approach to access resonant systems in a finite-volume. Our
formalism builds on the previous work [86] and is based on the particle-dimer framework [37-40, 42],
which conveniently allows us to express the self-energy diagram of a resonant field in terms of either
ordinary (asymptotically stable) meson and baryon fields or, alternatively, one of these fields can
also be replaced by an unstable field from the particle-dimer Lagrangian. The latter in turn acquires
a complex-valued self-energy due to the coupling to stable fields going on-shell. Obviously, the
interplay of these two effects leads to an on-shell configuration of three stable intermediate particles.
Indeed, these are precisely the configurations which lead to power-law finite-volume effects. Some of
these finite-volume effects are proportional to exp(—M, L), where M denotes the mass of the pion,
i.e. the lightest asymptotic particle in QCD, and L is the length of the cubic volume with periodic
boundary conditions in which our calculations are performed. Thus, neglecting these exponentially
suppressed contributions, one can separate off the volume-dependent from the volume-independent
quantities which ultimately allows one to map finite- to infinite-volume quantities. To demonstrate
the advantages and limitations of the present work, we concentrate specifically on the complicated
Roper resonance including the 7N and 77N dynamics using A and o auxiliary dimer-fields. Given
the presently still scarce lattice results in this sector [15, 16, 140] we estimate the volume-independent
quantities from phenomenology. The predicted finite-volume spectrum is then compared to lattice
results both in the two- and three-body sector [15, 172].

The manuscript is organized in the following way: First, we introduce the theoretical framework
in section 4.3. Then, we determine the self-energy of the Roper resonance within our theory in
section 4.4. The sections 4.5 and 4.6 discuss the particle-dimer fields and their contributions to the
Roper self-energy, respectively. After that, the finite-volume formalism is introduced in section 4.7.
Our numerical calculations are discussed in section 4.8 and the results are given in 4.9. Finally, we
conclude with a brief summary and outlook in section 4.10.
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4.3 Covariant non-relativistic framework

We begin with an introduction of the covariant non-relativistic effective field theory, following the
general formalism of Refs. [40-42, 84, 85], see also Ref. [17] for a pedagogical introduction. To
describe a few-particle system containing pions (;r) and nucleons (N), such as the three-particle
Nnr-system, we introduce the following Lagrangian

Loy =Lan +c18'6" 00+ 00 0w + c5u 8 (0 + 6w + o oy + ... @)

Here, ¢ is the non-relativistic pion field and ¢ the non-relativistic nucleon field. The interaction
between these particles is parameterized by the low-energy constants (LECs) ¢, ; 5 4. The ellipses
denote terms with higher numbers of (pion) field insertions not required for the purpose of this work
and terms with derivatives, which are not taken into account for now. Containing short-range physics,
the LECs are in general not known, but can be determined from experimental data or lattice QCD
results. The LEC c,, for example, can be related to the 7 scattering length. The dynamical part of
the covariant Lagrangian for the pions and nucleons is given by [85]

Lo =Ly+ Ly =02W, (i0, - W,) ¢ +u 2Wy (id, - Wy) v, (4.2)

where

1/2 1/2

W, = [M2 - V] Wy = [my - V* | 4.3)
The differential operators W, and W, contain the pion mass M, and the nucleon mass m,,, respectively.
The square root structure of these operators leads to the relativistic energy-momentum relation in
momentum space and ensures that the resulting amplitudes (e.g. two-particle scattering amplitudes)
are relativistically invariant. This is not the case in the convenient non-relativistic treatment, which
uses the Schrodinger equation to describe the dynamics of the free particles, see e.g. Ref. [40].

The Lagrangian (4.1) defines the pattern of the interactions driving the construction of various
n-particle scattering amplitudes. However, already the case of three particles would result in a
tremendous amount of Feynman diagrams. This is where the particle-dimer formalism becomes
particularly handy, which we, therefore, utilize to address the Roper resonance. In the particle-dimer
formalism one introduces an auxiliary field, called dimer field (sometimes also referred to isobar, see
e.g. Ref. [173]), that incorporates two-particle dynamics and scattering. This means one effectively
reduces a three-body problem to a two-body problem, which can be solved with much more ease. A
common example to show the strength of the dimer formalism is the calculation of the scattering
amplitude of three identical bosons, see e.g. Ref. [40]. In this case one introduces a dimer field, which
describes the two-particle scattering of these bosons. Then, to obtain the three-particle scattering
amplitude, one calculates the scattering of one boson with the dimer field, which is equivalent to
three-particle scattering. The validity of this formalism has been discussed already several times
in the literature, see e.g. Refs. [36, 40—42, 174]. However, the situation becomes more complex if
one has three non-identical particles, like in our case with nucleons and pions. To investigate the
Roper resonance in the Nrr-system, we need to introduce three different dimer fields. The first
dimer field is the A(1232) resonance (from here on called the A) with quantum numbers J P-3 /2",
This dimer field takes into account intermediate P-wave nucleon-pion interactions and its quantum
numbers together with a pion overlap with the Roper resonance. The second dimer field is the o~ with
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4.3 Covariant non-relativistic framework

the quantum numbers J P~ 0%, i.e. the scalar-isoscalar resonance f0(500), formerly known as the
o-meson. It accounts for intermediate S-wave pion-pion interactions. Also here the quantum numbers
of the f;,(500) with a nucleon can have an overlap with the Roper. Finally, the third dimer field R is for
the Roper resonance itself, which has the quantum numbers of the nucleon (J P =1/2")buta larger
mass' . Considering all above dimer-fields, the particle-dimer Lagrangian takes the form

‘LDimer = ‘Ldyn + ‘ET ’ (44)
where the dimer fields and their interactions are contained in £, which reads

Ly = R12Wg (id, - Wg) R+ aymiATA + o, M2 o
+ iR 6 OR - HIR ¢y + Re'w' 1 - AIR 9A + AT¢'R] - fi[R oy + ¢y o R]
+ 1A oA — g5 [AT¢w + AT+ by oy — hylo g + o T8

~ Gro R ¢ o + 4 0 oR] — GralRT¢ pA + AT¢TOR] — G [AT¢ gy +y o pA] .
4.5)

An important detail to note is that the dimer fields A and o are not dynamical, i.e. the Lagrangian
does not contain time or spatial derivatives of these fields. For the Roper resonance, on the other hand,
the same dynamical Lagrangian as for the nucleon and pion is introduced with Wy = [m%eo -V ]1/ 2
for the bare mass of the Roper mp,. Making the Roper resonance dynamical should give a more
accurate treatment of its properties. Overall, the dimer fields are auxiliary fields and the choice of their
kinetic energy term should depend on the overall goal of the calculation. Naturally, the introduction
of derivative terms for the dimer fields results in more complex calculations, since these terms will
enter the dimer propagators. Therefore, to simplify our analysis, we keep the A- and o-dimer static.
Additionally, it should be stressed that the Lagrangian in Eq. (4.5) does not posess any spin- or
isospin-structure. Also here the Lagrangian can be modified to include these effects, but we do not
consider them for now in this pioneering work.

There are several coupling constants in Eq. (4.5) accompanying the terms describing the inter-
actions between the particles and dimer fields. The LECs f| ;3 4, &1.2> 1112 and Gg, ga a» €an be
related to the LECs in Eq. (4.1) after integrating out the dimer fields. We also have two real mass scales
my and M, for the A- and o-dimer, respectively. Very often in the literature these mass scales are
absorbed inside the definition of the auxiliary dimer fields. We, on the other hand, want to make sure
that all appearing fields have the same dimension and later use the physical masses for our numerical

calculations. Both of these mass scales come with prefactors
==+, (4.6)

(IA:il, a,

! Note that there is in principle also a nucleon pole appearing in the Roper system, due to the identical quantum numbers.
This pole has to be taken into account in a lattice QCD calculations, for a recent example of a lattice calculation of a
3-point function see Ref. [175]. However, in our work we look at energies larger than the nucleon mass so that an explicit
inclusion is not necessary.
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Chapter 4 Particle-dimer approach for the Roper resonance in a finite volume

which depend on the signs of the corresponding LECs in Eq. (4.1). For example, integrating out the
o-field yields

5

— 5 .
a(fM(r

¢ = 4.7)

It can be seen that the sign of ¢, dictates the value of «,,, since h% / Mi is a positive number. Later in
the manuscript, we will see how 77 scattering information (e.g. the S-wave scattering length or the
corresponding phase shifts) determine this LEC.

Another notable difference between Eq. (4.5) and most other Lagrangians in the particle-dimer picture
are the interactions among the dimer fields. The Roper dimer R is allowed to decay in one of the
other dimer fields, i.e. R can decay into N, or Arr pairs through the interactions proportional to f;
and f;, respectively. An example for a particle-dimer theory with two dimer fields that can interact
with each other can be found in Ref. [176]. After integrating out the dimer fields, interactions with
an odd number of pion fields can be obtained, e.g. the term proportional to ¢5 in Eq. (4.1) can
change the number of particles. This yields the feature that a two-particle N initial state could
result in a three-particle Nzx final state and vice versa. Obviously, this then also means that there
can in principle be a four-particle Nnzrr final state when starting with an initial three-particle Nonw
state, etc.. However, in practice we avoid such a four-particle (and higher) final state by a suitable
energy/momentum cutoff.

The particle-dimer Lagrangian Eq. (4.5) yields the following Feynman rules for the propagators:

) R i ~ N
~iSy (Po: D) . on@ = yIB +my 4.8)

) 2wn(P) [Po — wn(P) + i€]

and
_ i
2w7r(ﬁ) [pO - wn(ﬁ) + ie]

Looking at w, and w,,, one notes that the square root differential operator in the dynamical part of
the Lagrangian leads to the well-known energy-momentum relation. Our notation for the propagators
follows the common sign convention used in the literature, see e.g. [85]. For the dimer fields, we have
the bare propagator of the Roper resonance

, w(P) = \IPP+ M (4.9)

_iSn (P()’ ﬁ)

i

~iSg (D) = 5— ——— . wg(p) = \IPI +mio (4.10)
2wg(p) [Po —wg(p) + 16]
and the bare A and o propagators
. = i . = i
~iDy (poP) = — > —iDy (PoP) = — » (4.11)
AT o

where the latter are constant with respect to the particle energy. An explicit momentum dependence
can be given to Dg and D?, by either adding higher order terms in the particle-dimer Lagrangian
Eq. (4.5) or by “dressing” the propagators with the respective dimer self-energies. The latter is
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discussed in detail in section 4.5.

4.4 Self-energy of the Roper resonance

The dressed propagator of the Roper resonance is given by
3 1
2wg(P) [CUR(ﬁ) —Po— if] — Xr(Po. D) ’

where X (p,, ) is Roper self-energy. The pole of the propagator is obtained by finding the zeros of
the denominator, i.e.

S& (po D) (4.12)

2wg(P) [WR(ﬁ) - Po] ~Xr(po,p) =0. 4.13)

In the infinite volume, one possibility to parameterize the pole is to choose the rest-frame, p = 0, and
set py = Z for Z = mg — il'x /2, with my the physical mass of the Roper resonance and I'y, its width.
The equation for the pole then reads

2mpo [mgo — Z] - =r(2,0) = 0, (4.14)

which can be reordered to give
1 1 .
Z = mpgy = 5-—g(Z) = mpo - —(Re {Zr(2)} + im {ZR(Z)}) , (4.15)
Mo 2mpy

where the self-energy has been separated into its real and imaginary part. It is then straightforward to
identify the physical mass and width

1
mg = mpgy = 5——Re {Zr(2)} . and Tg= m—ROIm {=Zr(2)} . (4.16)

MmRo
These two relations can, of course, only be solved iteratively, since the self-energy depends on Z itself.
If the imaginary part of the self-energy vanishes, the width I'y is zero. A vanishing real part, on the
other hand, allows to set the bare mass equal to the physical mass, i.e. mp = mp.

Looking at the full particle-dimer Lagrangian in Eq. (4.5), we see that there are several interactions
which lead to different contributions to the self-energy, as depicted in Fig. 4.1. At one-loop order, the
first option is a pion and a nucleon inside the loop. Since both are stable particles and we know that
the Roper R can decay into a N final-state, we expect this diagram to be of great importance. The
next option is N and the o-dimer inside the loop. This diagram is interesting, because the dimer itself
is an unstable particle. We know that the Roper can decay into the No pair, but we expect that the o
decays further into two pions, which would leave us with the three particle (Nzr) final-state. This is
similar to the third option, a  and A-dimer inside the loop. Also here, the A can decay further into
a N state, which again results in a three-particle Nxr-system. Note, further that one-loop tadpole
diagrams do not appear in the non-relativistic theory. We can summarize these statements, see Fig. 4.1,
into the following equation

Zr(Po: D) = Znz (P D) + Zno (P D) + Zpz(Pos ) » (4.17)
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‘.'. ..-. Ef EE ‘.'. "-.

Figure 4.1: Feynman diagrams contributing to the Roper resonance mass at one-loop order. The thick solid line
with an arrow, the solid line with an arrow and the double solid line with an arrow refer to the Roper resonance,
the nucleon, and the A-dimer field, respectively. The dotted line represents pions and the double solid line the
o-dimer fields.

and our goal is to calculate the different self-energy contributions.
We start by evaluating the self-energy Xy . (po, p). Applying the Feynman rules, we obtain

4 4
Sz (p) = / TE iy [iSn(p— 0] [iS,(0)] = £2 / %sm—ms,,(k). 4.18)

@2nr)*

From here on, we use the four-vector p as a shorthand notation for (p,, p). After dividing by i on both
sides we find

Ena (P) = g () (4.19)

with

J ():/ d'k ! ! (4.20)
NP 2m)ti 2wy (B - K)oy (B = k) = (po — ko) — i€] 20, (k) [w, (k) — kg —i€]

This is the main one-loop scalar integral appearing in the covariant non-relativistic frame-work. The
evaluation of this integral is non-trivial, due to the square root structures appearing in the denominator,
see e.g. Ref. [177]. However, the first step is straightforward, integrating over the time component of
the loop momentum £k, i.e.

e ) /+°° dky [ d’k 1
pP)= o s s
N o 27 ) (2n) 4w (- R)w, (F)

. 4.21)
X = — .
{ [“)N(ﬁ_ k) = (po — ko) — iE] [a)n(k) — ko — if] }

Looking at the denominator inside the brackets, we see that it has two poles in the complex k(-plane,
namely one in the upper half (positive imaginary part) and one in the lower half (negative imaginary
part). Using Cauchy’s theorem, we can solve the integral by calculating a contour integral around one
of the poles. Choosing a contour around the upper polez, we obtain

&k 1
J = S _ _ . .
wa (P) / @n) 4wy (B — B)w, (k) [wy (5 - k) + wL (k) - py — i€] @22

2 The result of the integral does not change, if one would choose the pole in the lower half.
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4.4 Self-energy of the Roper resonance

We are left with a three-dimensional integral over the spatial momentum components, which will also
be our starting point when we consider the finite-volume case later in section 4.7. One observes that
the integral has a pole for p, > 0 (taking € — 0) and that the integral is logarithmically divergent. It
is therefore practical to use dimensional regularization for the further evaluation. In D dimensions
Eq. (4.22) takes the form

J ()=/de : (4.23)
NP (27r)D 4wN(ﬁ—lz)wﬂ(l_c))[wN(ﬁ—E)+wﬂ(l_c))—po—ie] . '

The main complexity still comes from the square root terms in the denominator. To simplify matters,
let us consider the same integral in the rest frame, i.e. p = (E, 0),

Ty (E) = / d’k ! (4.24)
N 27)° 4wy (R)w, (k) [wy (k) + w, (k) — E —ie] '

such that we can rewrite the integrand as

1 1 1
by (R (O) [on (B) + wy(B) — E —ie]  2E |7 - ¢(E) — i€’
1
+ = = = S
4wy (k)w, (k) [a)N(l;) +w,(k)+E+ ie] 425)
’ 40y (k) (B) [wp (K) = w, (k) — E + i€]
1
’ 4wp(F)w, (0)[ - wy (k) + w, (k) - E +i€]
with
A E? mi, M?
7(E) = u , (4.26)

4E?

where we used the Killén triangle function A(x, y,z) = x* y2 + 75 - 2xy — 2xz — 2yz. The
rearrangement of the integrand allows us to isolate the pole of the quotient, qz(E ), which can be seen
in the first term on the right-hand side of Eq. (4.25). The remaining three terms on the right-hand side
are regular, which means that they do not contain a pole anymore for physical values of E. Note that
in this work we consider energies above the nucleon mass. Therefore, these terms can be expanded in
powers of the integration momentum k leading to polynomials in |k| which vanish in dimensional
regularization. We are left with

1 d"k 1
J , 4.27
v =g | @m"” |k - ' (E) - i€’ e
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Chapter 4 Particle-dimer approach for the Roper resonance in a finite volume

which is evaluated with standard methods. After taking the limit D — 3 we obtain

Lo R (E )
Ing (E) = “3aE —-g°(E)—ie = , (4.28)

167E>

where we used that lim__,, 4/ —qz(E) + i€’ = +ig(E). The result of Eq. (4.28) in an arbitrary reference
frame reads [177]

ir/? (pz, m, M,’f) il (s, m, M,’f)
7 - = , 429

with s = p2 = p% -|p |2 the usual Mandelstam variable. Thus, the self-energy of the Roper resonance
becomes

. 2
Znz () = izﬁ”z (pz, my, M,%) : (4.30)
167p

which is a notable result. Specifically, the function J,,, and with it the Roper self-energy is purely
imaginary at the energies of interest, i.e. p2 R mp.

Next, we consider the self-energy contributions with dimer fields, i.e. o N and An loop-diagram
contributions. Taking X, as an example, we obtain

d*k 1 d*k 1
» =2 | —D%p-k)S, (k)=-—2 - - , (431
FaxlP) = 5 / Gyt 200 aAmi/ e 2oy @on® —ko—ie]

which is basically a tadpole integral, i.e. an integral over a single propagator, due to the constant Dg
propagator. These tadpole diagrams usually do not exist in non-relativistic EFTs, since they vanish
within time-ordered perturbation theory. However, if such a diagram shows up, a common way to
treat the k,-integral is to rewrite it as a contour integral according to Cauchy’s theorem. For example,
one can evaluate the ky-integral by choosing the contour in the upper kj-plane excluding the pole.
Then, 2, . (p) vanishes like the other tadpole contributions, which is the usual procedure, see Ref. [17]
and the references therein for more information. On the other hand, if one would decide to include
the pole (lower plane), the following would happen: The k,-integral is replaced by 2xi and a spatial
lz-integral over 1/ w,r(l_c)) remains. But this expression does not posses a pole and, thus, one can expand
the denominator in powers of the momentum |l_<)|, like before, to obtain a polynomial. Dimensional
regularization is then used to make the polynomial terms disappear, so that again X, . (p) = 0. This
illustrates that the loop integral vanishes no matter how the k(-integral is performed. An analogous
calculation for the No -case shows that also Xy .(p) = 0.

This of course cannot be the final answer, which roots in the fact that the dimer propagators are not
dynamical, see Eq. (4.5). Interestingly, and as we will discuss below, improving this by dressing dimer
propagators actually introduces three-particle dynamics in the intermediate states.
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4.5 Dressed dimer fields

We have seen that a constant dimer propagator leads to a vanishing particle-dimer self-energy.
Obviously, the constant propagator is just a first approximation and higher correc-tions have to be taken
into account. To do this, we consider the self-energies of the dimer fields and dress the propagators as

1
D = 4.32
A (p) aAmi + EA(p) ( )

for the A-dimer propagator and
D, (p) = ! (4.33)
7 My +2,(p) '

for the o-dimer. The self-energies X, and X, are given by

d*k ig?
() =8 / iy P = 8K = 16—7;21”2 (P 2) (4.34)
and
d'k lhz V2 (2 M2 M2
)= 520" [ s p K150 - (Pa2ag) . @35)
87rp

respectively. Note the additional symmetry factor of 1/2 in front of the o self-energy. The evaluation
of these self-energies is analogous to the proof of Eq. (4.30) in the last section. Due to the simpler
structure of the Kéllén function in the case of two equal masses, i.e.

1 (pz, M2, Mfr) = p? (p2 - 4M,2,) , (4.36)

we proceed with the o-dimer propagator. We start by reformulating the dressed propagator as

D_ (p) ! h% 4.37)
- (p) = - , c=—-=. .
oMy +icd'? (% M2 M) [ 87
Subsequently, we simplify the denominator by expanding the above expression so that
2.4 . 2.1/2( 2 242 442
a; M p —icp A / (p , M, Mﬂ)
D, (p)=- — (4.38)
a; Mp +c ( —4M,,p)

From our initial definitions we know that 0/?, = 1 and we can rewrite the denominator as

a Map +c2 (p4 - 4M,2rp2) = (M(A; + cz) (p2 - y%,) p2 , (4.39)
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where we have introduced a new mass parameter

AM>c?
p=—"=—. (4.40)
M, +c

From Eq. (4.39) it is evident that y is, indeed, one of the poles of the o-dimer. Coming back to
Eq. (4.38), we can split up the expression into a real and an imaginary part

12 (.2 2s2 2,2
oM e A (p M2, M,r)
D, (p)=- e e el e e R . (4.41)
M, +c p"—u, M, +c D — M,

In this form, we observe that D, (p) possesses an imaginary part above the two-particle threshold, i.e.
for p2 =s5> 4M,%. Below threshold, D, (p) is a real-valued function. This is in perfect agreement
with the general properties of scattering amplitudes, which in this case (77 — 77 scattering) is simply
proportional to the dimer propagator

Trn—srn(s) < Dy (s) , (4.42)

see, e.g., Ref. [10, 38]. This relation allows us to connect the coeflicients appearing in D . (s) with
observables from mr-scattering. The first quantity one can look at is the scattering length a defined
via an effective range expansion3

- 1 -
|G| cots (s) = -t o(13*), (4.43)
where
Re {T
cotd (s) = © e nnl)} : (4.44)
Im {T,m_),m(s)}

Here, 6 () is the phase shift and ¢ is the center-of-mass (CMS) three-momentum above threshold.

It can be deduced that |G| = /s — 4M,2r /2. To calculate the cotangent of the phase shift, we use the
proportionality between the mr-scattering amplitude and the o--dimer propagator. We find

Re {TMHM(S)} _Re {D(r (s)} B _a(TM; s
M {Tprn()}  Im{D, ()} ¢ Q12 (s M2, 2)

, (4.45)

and we can simplify the triangle function to A2 (s, M,zr, M,zr) = 24/s|g|. Utilizing these identities, we
obtain

7”2 ;”2 ;”2;”
Ay O'\/E Uy M =12 2 _a/0' o —»2) (446)
—2 . .

|g] cotd (s) = — == 1GI” + My = -————= + O(lq]
c c

3 Note that the sign in front of the 1/a term varies in the literature depending on the definition of the effective range
expansion.
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A comparison with Eq. (4.43) shows that the scattering length a is given by

hZ
S e aMy =g =2 (4.47)
ayM; M, a,M; 8na, M

a =

This is a very useful result, because it fixes the ratio h% / M(ZT and the value for o .. If the scattering
length is positive (attractive interaction) then we must set @, = —1, since all other constants in
Eq. (4.47) are positive. Analogously, we set @, = +1 for a < O (repulsive interaction). The
nr-scattering length in the isospin / = 0 channel, where the o resonance appears, is measured to
be aIZOM,T = 0.2220 + 0.0128(stat.) + 0.0050(syst.) = 0.0037(th.), see Ref. [178]. Therefore, we
conclude that o, must be —1, leading to an attractive interaction that produces the o resonance.
Instead of using the scattering length to fix the LECs of the particle-dimer Lagrangian, one can also fit
them directly to the phase shifts § (s). It is convenient to use the tangent of 6(s) for this

1/2 2 2
Im {Do_ (S)} I A / (S, M7r’ Mﬂ') 4.M2

tand (s) = = =aM |1 - —= . 4.48
O o]~ - \1-— (4.48)

We can see that the function tan ¢ (s) is zero at the threshold (s = 4M,2r) and reaches aM for s — oo.
Therefore, we expect that the above function is only able to describe the phase shift in the low-energy
region. However, this does not come as a surprise, since the o-dimer field is a constant at leading
order, constructed specifically to approximate the low-energy regime. Another method to calculate the
parameters of the o--dimer is to use mass and decay width of the o-resonance. Here, one assumes that
the o--dimer has the same dynamic properties as the Roper dimer and fulfills an equation analogous to
Eq. (4.16). Then, one can approximate the width of the o resonance I',, as

1 h3
Iy~ 2= Im {Z,(p)} - 8—23/11/2 (Mf,, M, Mfr) . (4.49)
ag

p:Ma' ﬂMO'

Using phenomenological values for the mass and width of the o-resonance, one can then fix the coup-
ling h,. This method is more speculative, because we introduced the dimer as a constant field and not as
adynamical one. Nonetheless, we do not abandon this method yet, using it as an additional cross-check.

Our analysis of the o-dimer can be repeated analogously for the A-dimer. First, we take the
dressed propagator in Eq. (4.32) and expand it like before to obtain

2 4 . 2.1/2( 2 2 a2
QpAMED —sz/l/ (p,mN,M,r) g%

Dy(p) = - > = ’
m1p4 + b2 (pz’ mI2VM72r) 167

(4.50)
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where we again used that a/i = 1. The two different masses inside the Killén function give the
propagator a more complex structure. After some algebra the denominator can be rewritten as

mzp4 + b2 (pz, mi,, M,zr) = m2p4 + b (p4 - 2p2(m12\] + M,ZI) + (mlz\, - M,zr)z)

(4.51)
= (mi + bz) (p2 — px+ iV) (p2 —Hp - iV) ,
with
bA(mi + M2 b 2
2 = M Cand v = — [ (md — M2) - 4P 2 (4.52)
mA + b mA + b

In the case of two equal masses in the Kéllén function, the result from the o-dimer can be restored.
All together, we have

200/2(2 2 .2
ozAmi p4 ib P Y (p ’mN’Mn)
D,(p) = — (4.53)
mr+br (2 2\ 2 omt b A
A (p —#A) +v A (p —uA) +v

One observes that the propagator does not have poles on the real axis, in contrast to the o case. An
imaginary part emerges above the pion-nucleon threshold, p2 =5 > (my + M,r)z, and the relation to
the 7 N-scattering length a5 reads

Re {Tﬂ'N—ﬂTN(s)} _ |é,|
Im {Tﬂ'N—VrN(S)}

The pion-nucleon phase shift is denoted by 6,5 (s) and T, p_, .5 (s) o< D,(s) is the pion-nucleon

scattering amplitude. With A2 (s, m?\,, Mfr) =2+/s|g| and /s = \/mlz\, +1g1* + \/M,% +g1%, we find

Re {DA (s)} 1

=12
Im {DA (S)} - AN +O( |Q| ) : (4-54)

|Gl cotd,p (5) = Iq]

2bM

T

2
g2M71'

anNMn ==

. - _ s . (4.55)
aymy(my + My) 8maymp(my + M)

The experimental value of the scattering length in the isospin I = 3/2 channel from the Roy-Steiner
analysis is all\;f/QM,r =(-86.3+1.8)x 1073 [179], which fixes the value of a, to be +1. Analogously

to the o-case, one can also use the decay width to deduce the coupling g,. We then have

1 2
Myx —Im {5} = =212 (mi, m, M,%) , (4.56)
mA p=my 167rmA

where we again stress that the above method of determining the coupling might be more speculative
than using the scattering length. The insights from this section will help us to determine the dimer
contributions to the Roper resonance self-energy. The numerical calculation of the dimer LECs will
be discussed later in section 4.8.

56



4.6 Roper self-energy with dynamical dimer fields

4.6 Roper self-energy with dynamical dimer fields

Let us now come back to the self-energy contributions of the Roper resonance. From the No channel,
we obtain the loop-integral

d*k

(2n)ti

Sno (D) = 17 / Sy (p—k) Dy (k) (4.57)

In section 4.4 we already discussed that a constant dimer propagator D(OT leads to a vanishing integral.
Therefore, we now consider the dressed propagator D (k) from Eq. (4.33) and obtain

d*k 1 !
) - _ 2
No (P) =13 / Qn)'i 205 (B — ) [wy (- k) = (py — ko) — i€]| @e M3 +Z (k)
2 d'k 1 2 2
- = = oM +2h ‘
14 / Q@m)'i 205 (5 — B [wy (= k) = (py — ko) — i€] {a +2h; (4.58)

y / d*l 1 -
Q)i dewp(k = Dy (D[w(k =T) = (kg = lo) — i€] [w (1) =l —i€] |

where we have used the o-dimer self-energy from Eq. (4.35). We can see that the /, integration inside
the o self-energy can be carried out right away according to our findings in section 4.4. We then
arrive at

1t d*k 1
Z = - - -
o (7 M, / Q)i 20y (5 - k) [wn (5 = &) = (py - ko) — i€]

(4.59)

1
205 d’l 1
X 1 + 2 '% - - - - - - *
aeM; J 2n) dw, (k- Do (D)|w(k = 1)+ w (1) — ko — i€]

The next step is to integrate out the remaining time component &, which is a bit more challenging. For
this, we use again Cauchy’s theorem, going first to the rest-frame of the No-system, i.e. p = (E, 0).
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We expand then the propagator of the o--dimer into a geometric series

1t d*k 1
Sno (E) = — = -
ve (£) a, M- / 2n)'i 205 (k) [ky = (E = wy (k) +i€)]

2 -1
x{1- 2h; / &’ _ 1 - _
a0, My ) 2r) 4w, (k= Dwg(D)][ko — (@, (k = T) + w0, (1) - i€)]

_ 1t /d4k 1
a, M, J 2n)'i20y(0)[ky - (E — 0y (k) +i€)]

X1+ 213 / Gl 1
ay M2 @x) 4w (- Dowy()[ko — (g (k 1)+ w (D) —i€)] (4.60)

CZO_ |
2h / d’l 1
a, M~ ) 4w, (k = D, (1)[ky = (e (k = 1) + w, (1) - i€)] |

Note that we rewrote the denominators containing the k integration variable to better exhibit the pole
structure of the expression. The nucleon propagator has a pole in the upper complex plane (k, € C),
whereas all propagators appearing in the geometric series have their pole in the lower plane. We
choose the pole of the nucleon propagator and close the contour around the upper half of the complex
plane. The first appearing k(-integral is the already discussed tadpole diagram

7, :/ " ko L : (4.61)
o 27 ko — (E — wy (k) +i€)]

2h3 / d’l 1 ’
+ >S5 S > S
M2 27’ 4w, (k = Dw,(1)[ko = (@ (k = 1) + w, (1) - i€)] |
% 13
2

which we replace with its residue in the upper complex plane, i.e. 7, = 1, according to our arguments
from section 4.4. The next integrals can be summarized by the following expression

/ ko 1
I, = Cy 7
—eo 27 [k — (E — wy () +ie)| (4.62)

X

/ &l 1
@n) 4w, (k = Dw(D)[kg — (e (K = T) + w, (1) - i€)]

where n is a positive integer fulfilling n» > 1. For n = 1 we obtain a similar kj-integral as in Jp
from Eq. (4.20), which can be evaluated analogously. Choosing the contour around the upper pole we
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4.6 Roper self-energy with dynamical dimer fields

obtain

3
I]=/dlg —— 3 — = : (4.63)
2r) 4w, (k - l)w,,(l)[E —wnk)—w(k=1)—w,(l)+ ie]

If n > 1, the integral looks more complicated, however, there is still just one pole in the upper complex
plane resulting in a single residue. We can therefore deduce that

&’ 1
/ — _ — _ . (4.64)

J =
27 4w, (k = D, (D[E - wnk) — w (k= 1) = w () + i€]

n

Using these results, the self-energy is given by

1t Sk
Sye (E) = —
ver (£) a/(TMS_/(27r)3 2wy (F)

2h5 d’l 1
X 41+ 5 3 — = — =
agM; J (2n) 4w, (k - l)w,,(l)[E —wnk)—w(k=1)—w,(l)+ ie]
2
( 25 )
+ 2
a(TMO'

2

d’l 1
/ 27 4w (k = D (D[E - oy (k) = 0 (k =1) = w, () + i€]

(4.65)
which is again a geometric series that can be summed up to
5 (B)=—f / Seoo1 o, M2
e emawy |
(4.66)

s /dl 1 -
2n)* 4w, (k = Dy (D [y () + w (k= T) + w (1) - E —ie] |

This remaining expression for the No self-energy now contains only the spatial integration over
an internal loop momentum [ and an external momentum k which is a useful starting point for a
numerical evaluation. The integral in the denominator of the latter equation produces poles, when the
rest-frame energy E equals the energy of a free nucleon and two pions

E=wyk) +w,(k=1)+w, (). 4.67)

In other words, we encounter exactly the three particle on-shell configuration Nzx that is crucial to
describe the dynamics of the Roper system. We can analyze the result in Eq. (4.66) a little further and
see what happens, when the o-dimer becomes stable. In this case, we assume that 7, — 0, which
leads to a vanishing integral over the internal momentum 7, so that the dimer propagator becomes
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constant, i.e.

b2 o (E) = - -— = — ,
" Q/O'Mg' (27T)3 2(,4)N(k) 2(ZO_M§_ (271')3 |]—{’|2 + m2 (4.68)

N

which is a regular integral and vanishes in dimensional regularization. This we have already observed
in section 4.4 and, hence, agrees with our expectation.

A similar calculation can also be performed for the A-dimer case. Its self-energy contribution to the
Roper with the dressed dimer propagator is given by

, [ dk
a (P) = /5 WSH (p = k) Dy (k)
)i
4 (4.69)
) / d’k 1 1
- J3 . - 7 - 7 . ’
(27)"1 205 = ) [ (5 = &) = (pg — ko) — i€] anmy +Zz(k)
and after integrating out the k, component we arrive at
z (E)——fz/‘ﬂ ! anms
Ar Joerw,m| M8
(4.70)

V2 / d’l 1 1
8] any 40, (k = Dy (D[we (k) + wp(k 1)+ wy() - E—i€e] |

This result looks similar to Eq. (4.66), only the LECs differ. Both dimer field self-energy contributions
to the Roper resonance mass will be investigated next. From here on, however, we will work in a finite
volume, which is explored in the next section.

4.7 Finite-volume formalism

In this section, we consider the Roper resonance in a finite volume (FV) and introduce the corresponding
formalism. Since lattice QCD calculations are performed on a space-time lattice of finite size, the
system under investigation is always confined in a finite volume, which limits its spacial (and time)
extent. The finite volume influences the particle system and leads to so-called finite-volume effects.
We now place the Roper resonance system in a cubic box of length L and calculate the finite-volume
energy eigenvalues (in the following referred to as ‘energy levels’). This allows us to compare the
energy levels from our effective approach with lattice QCD spectra of the Roper. Note that for
simplicity we keep the time direction continuous.

In a finite volume the loop integral of the spatial momenta is replaced by an infinite, three-dimensional
sum while the integration over the time component remains unchanged

&k 1 - 2n.
/(2ﬂ)3 (...)HEZ(...) for k=7, ez’ 4.71)
k
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4.7 Finite-volume formalism

These changes naturally influence the self-energy of the Roper resonance as well. In particular, the
poles of the FV Roper-propagator arise when

2wg(P) [wr(P) - po] — Zk(Po, §) =0, 4.72)

where leg(po, p) denotes the self-energy of the Roper in the finite box. Choosing again the rest-frame,
Po = E and p = 0, we can reformulate Eq. (4.72) so that we obtain an equation for the energy levels in
the finite volume. We find

SE(E), (4.73)

1
2mpy (Mo — E) =ZR(E) © mpy—E = )
Mgo

which is the master equation for the finite-volume energy levels of the Roper resonance in this
framework. A remaining problem is the appearance of the bare mass mpg in the equation. However,
for the numerical calculation of the energy levels we set the bare mass equal to the physical mass mp,.
After this, one arrives at

I 1
-F-—33(E)=0, 4.74
mg 2y r(E) 4.74)

which is the equation we will work with. Note that this self-energy equation shares similarities with
the usual three-body quantization conditions [28, 42, 154], e.g. by accounting for three-particle
on-shell configurations, see Eq. (4.67).

Next, we have to determine the exact form of Z,LQ(E ). As we have seen in Eq. (4.17), the Roper
self-energy consists of three contributions, which is also true in the finite volume,

SR(E) = TN (E) + Zyo(E) + 5 (E) . (4.75)
Let us start with & _(E), which is given by
SNr(E) = £ 5 (E), (4.76)

where Jj . is the finite-volume version of integral J,,, from Eq. (4.20). We have seen in the discussion
of Eq. (4.20), that the first step is integrating over the time component of the momentum. One then
arrives at Eq. (4.22) and the spatial integral is now replaced by a sum leading to

1 1
Jrn (E) = — — = = : 4.77
L ; 4oy (R () [y (B) + (R ~ E] @77
in the rest-frame. We expand the integrand again according to Eq. (4.25) and get
1 1 1
JE (Ey=—=) ———— .., (4.78)
D Zk: 2E |k - gX(E)

where the ellipses denote the remaining regular terms. These terms, as we have observed, vanish in
the infinite volume and lead to contributions proportional to exp(—M, L) in the finite volume. The
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Chapter 4 Particle-dimer approach for the Roper resonance in a finite volume

latter effects are sub-leading to the other effects discussed here and are neglected in what follows.
Thus, analogous to the infinite-volume case, also in the finite volume only the term containing the
pole survives. Using Eq. (4.71), we can write

1 1 1
Tin (E) = = (1, "2E) : 4.79
Nﬂ( ) StEL Z |,7l’|2 _ qz(E) 47T3/2ELZOO g (E) ( )

where we rescaled the variable g(E) as c}z(E ) = quz(E)/ (27r)2 and used the standard Liischer
Zeta-function [26]. The finite-volume expression for the Nz contribution is then given by
2
P

Zhe(E) = i —Zo (1LEE) (4.80)

Now, we turn to the self-energy contribution with the nucleon and o-dimer field, ZIL\,O_. For this, we
take the result from Eq. (4.66) and replace the integrals by sums

35 (E) = fi L PRV
N - -
7 L “owy® |77
_ (4.81)
205 1
e
L 7 4w,,(k—l)a),r(l)[cuN(k)+wﬂ(k—l)+a),r(l)—E—ze]
Analogously, the finite-volume contribution with pion and A-dimer field has the form
£ >
sk (E)=-£ —am
Ar L3 - 2(1)”(]{) ATPA
(4.82)

) -1
& ! }
3 - - - - - - - . .
L= 4w, (k= Doy |w (k) + w (k= 1) + wy(l) - E — i€]
These two expressions can readily be worked out numerically, however, a cutoff is naturally required
to tame the otherwise infinite sums. In our calculations, the outer sum runs to L|k|/(27) = 3 to ensure
a similar energy coverage as in Ref. [86]. The inner momentum is carried out until L|/|/(27) = 10,

so that || > |k| is fulfilled. With these results we can now calculate the energy levels of the Roper
resonance numerically.

4.8 Numerical calculation

The energy spectrum of the Roper resonance system is determined by numerically finding solutions of

1
= E = 5 (ShaB) 4 3 8) + 3, (E)) (4.83)
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4.8 Numerical calculation

with respect to E € R. Here & | =& and =X (E) are given in Egs. (4.80), (4.81) and (4.82),
respectively. Note that during the derivation of Eq. (4.83), we have seen that certain contributions
decrease exponentially for large L, which we already neglected. We therefore have to choose L large
enough to justify these approximations. An avoided level crossing in the energy spectrum is expected
around the Roper resonance mass.

For the hadron masses we use the numerical values from Ref. [22] and the PDG [13]. Specifically, the
Roper resonance mass is mp = 1365 MeV, the pion mass in the isospin-limit is set to M, = 139 MeV
and the nucleon mass is mp, = 939 MeV. To fix the LECs { f, f3, fi, &2, 1, }, we need further observables.
The self-energy X, for example, is proportional to the LEC f,, see Eq. (4.30). This constant is
connected to the decay of the Roper resonance into a nucleon and a pion. According to the PDG [13]
the width of the Roper is I' = 190 MeV, where the decay into a nucleon and a pion contributes
to (approximately) 65%, i.e. I'r_,n, = 123.5MeV. The other 35% contribute to the decay with
two pions in the final state, I'r_, ., = 66.5 MeV. However, this final state can be reached by the
different intermediate No or Ar states. The decay widths into these unstable intermediate states are
approximately I'p_, n, = 38MeV and I'p_, 5, = 28.5MeV [13]. We can use these decay widths to fit
some of the LECs, like f,. From Eq. (4.16), we know that the width is connected to the imaginary
part of the self-energy. We find

1 1
Fronn T {Ena(E)} = m {Enalmp)} (4.84)

E=mp

where X, (mp) consists solely of known parameters, except f,. Using the PDG estimate for I'y_, /.
we find

Tp ne =724%x107 GV o f,=24.13GeV . (4.85)

The sign of f, cannot be determined through this procedure, but this does not matter for our further
analysis. The matter becomes more complicated when looking at the self-energy contributions
including dimer fields. The self-energy X, for example, contains three parameters h,, M, and f;
that have to be determined. We set M, to the physical mass of the f;(500), since this scale appears in
the o-dimer propagator. The PDG [13] estimates for the f,(500) are M, = (400 — 550) MeV and
I',, = (400 — 700) MeV. For simplicity we take the lower values, assuming M, = 400 MeV, which
also fulfills (M. + my;) < mg, and I', = 400 MeV. For the self-energy contribution from the A-dimer,
2z the unknown LECs are g, and f3, and we also set m, to the physical delta mass. The mass
and width of the delta resonance have been more accurately determined, and we set them here to
my = 1210 MeV and I'y = 100 MeV.
Using these phenomenological values we determine the unknown constants as follows. We begin with
an estimate for the constants f; and f;. Assuming that o and A are stable final states with the same
kinematic behaviour as the nucleons and pions, their self-energy contributions to the Roper resonance
mass are given by
.2 . g2
sble(py = g1 (E%miy. M2) . and S3(E) = _ihs i (E%mi M7) . (436)
16E 167E
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Chapter 4 Particle-dimer approach for the Roper resonance in a finite volume

Taking 2;@3};1‘*, for example, we can approximate the decay width of Roper going to a No final state by

3

2
__Ji an (m;e  m, M2 ) , (4.87)
E=mg, 16mmy

1
l—‘R—>N0' ~ m_ {zﬁ\t]a(?'le(E)}
R

Using our values for the decay width and masses, one arrives at f; = +3.82 GeV. An analogous
calculation with £ Jeads to f; = +4.55 GeV, meaning that within this approximation f; and f;
are of the same magnitude. In the future, one might also consider lattice QCD data to determine the
numerical values for these constants, but, for now, we use the above estimations.

Next, we consider the LECs £, and g,. As already stated in section 4.5, these constants can be related
to the two-particle scattering lengths. For /,, we found the relation given in Eq. (4.47). Using the
o mass, o, = —1 for an attractive interaction and the value a’ZOM,r = 0.222 for the mn-scattering

length, we obtain
B = 8aM2(a""M,) = h,=2095GeV . (4.88)

Now, we take a look what happens if we use the decay width to fix 4,. With Eq. (4.49) and the
PDG [13] data above, we find

8TM.T
12 = oo = hy=+236GeV, (4.89)

A2 (Mf,, M2, M,%)

which is interestingly of the same order of magnitude albeit around two times larger than the prediction
from the scattering length. As of the coupling g,, we use the nN-scattering length, al =2y M, =-0.086
with the delta resonance mass, a, = +1 and the help of Eq. (4.55). This yields

g% _87Ta’AmA(mN + M; )y

ISR = gy = +4.96GeV (4.90)
whereas using Eq. (4.56) and the above value for I', leads to

16nmiFA

/11/2 (mA, m,z\,, Mz)

g = = g, =+422GeV. 4.91)

We see that in the A case both ways to fix the LEC g, lead to approximately the same value. This
might be related to the fact that the delta resonance has a Breit-Wigner shape to very good accuracy. It
is good to see that the particle-dimer approach is consistent with this by giving g, almost equally from
the scattering length and the decay width.

Before turning to the prediction of the Roper finite-volume spectrum, we try to test the quality
of the dimer LECs determination presented above. For this we turn to the o-dimer, and concentrate
solely on the two-particle i final state. In the finite volume, the o-dimer propagator is given by

1 . L 2h2 1
D (E)y=—————, h ZGE— . (492
o (E) MZ* +35(E) e ) Z 4w, (K)w, (k) [2w, (k) - E] @52
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Figure 4.2: Predicted energy levels (zeroes of f_.(E)) of the nr-system within the o--dimer approach using Set
1 (4.94) (left panel) and 2 (4.95) (right panel). The blue curves show the function f_.(E) with &, determined
from the two scattering lengths a ZOM,r in each data set and the orange curve shows f_(E) with h, determined
from the decay width I, (only for Set 1). Black circles display the lattice results with errors from Ref. [106]
and the grey vertical lines the non-interacting 77t energy eigenvalues.

where we again restricted ourselves to the rest-frame (p, = E, p = 0). The poles of the propagator in
Eq. (4.92) correspond to the interacting finite-volume energy levels of the w7z system, i.e.

folE) = 1+ ——SEE) 20 (4.93)
a,

o o

Using this formula we can compare the energy levels from the particle-dimer picture with lattice
QCD results. Before going to this we wish to remark that the latter condition is related to the well
established Liischer’s method [25, 26]. This can be seen by using a similar decomposition as shown
in Eq. (4.25) of the integrand in (4.92). In this pilot study of the proposed formalism, we stay with
the condition (4.93) leaving a more quantitative discussion to future studies. Lattice studies on the
o resonance have already been performed, see e.g. Refs. [172, 180-183]. Here we consider results
of the combined [ = 0, 1, 2 finite-volume analysis [106] of GWQCD lattice results [172, 184, 185]
obtained at two values of pion mass. For both cases the 77 scattering length a'™, the o mass M, and
the width I' . have been determined

Set1: M, =0.224GeV, M,L =323,

M, =0502GeV, T, =0.350GeV , a'="M, =0.699, (4.94)
Set2: M, =0.315GeV, M,L =4.6,
M, =0591GeV, T, =0.218GeV, a'="M, = 1.901 . (4.95)

We now take each data set and calculate the LEC h, from the scattering length a’ ="M and width T
For Set 1, we obtain &, = 2.10 GeV using the scattering length and Eq. (4.47), and h, = 3.13 GeV
using the width and Eq. (4.49). For Set 2, the scattering length leads to s, = 4.08 GeV, while Eq. (4.49)
cannot be used. This is because of the large pion mass M = 0.315 GeV preventing the decay of the o
meson into two pions. In principal, one could test the above procedure even further by using more

65



Chapter 4 Particle-dimer approach for the Roper resonance in a finite volume

lattice QCD data on the o meson for various pion masses from different working groups. However,
this would go beyond the scope of this work and especially well beyond this qualitative check-up of
the numerical estimation of the dimer LECs. A comparison of those data within our framework could
be dedicated to future works. The predicted two-body finite-volume spectrum for both data sets is
depicted in Fig. 4.2. Therein, the left panel of Fig. 4.2 shows the function f, (E) for data set 1 with A,
fixed by the scattering length (blue pionts) and by the decay width (orange pionts). The zeros of this
function show the energy levels for this two-pion system. The black circles are the lattice QCD results
from Ref. [106]. We observe that the levels from the blue curve lie very close to the lattice results. The
orange curve, on the other hand, still reproduces the first excited level above the two-pion threshold at
~ lo, but the ground-state level is at odds with the lattice result. The zero for the ground state lies
very close to E/M, ~ 0. Since the driving term includes only momentum-independent structures
we do not expect any predictive power from this formalism so far below threshold. Therefore, the
constant &, fixed by the scattering length leads to a better reproduction of the lattice results. The
right panel of Fig. 4.2 shows f, (E) obtained with data set 2. Here, as stated before, we only have
the result from the scattering length estimation. The lattice results are again depicted by the black
circles. Overall, there is less agreement between the predicted levels and those from the lattice. The
ground-state level lies again well below E/M, = 1 and merely, the excited levels are somewhat
close to the lattice QCD results. We emphasize again that the data from set 2 are determined by
a pion mass much larger than set 1 and that the o-meson mass is smaller than two pion masses,
which forbids the decay of o into two pions. This is a condition that we did not take into account in
our theoretical framework and it might explain the large deviations between the dimer and lattice results.

There are two take-away messages from this analysis of the o-dimer propagator and the corres-
ponding nir finite-volume spectrum: First, we have seen that the particle-dimer approach works
better for smaller pion masses. This does not come as a surprise, since the dimer propagator is by
construction a constant at leading order. Second, we have seen that for lower pion mass the
scattering length ensures a better description of the lattice QCD spectrum than the decay width of the
o meson. Hence, we will use the scattering length to fix the dimer LECs &, and g, for our calculation
of the Roper resonance energy levels. Finally, we note that no fit to the lattice data and, also, no similar
study for the two-particle N scattering in the A channel (some lattice studies of A-resonance can be
found in Refs. [186—191]) are performed in this pioneering study.

4.9 Results

Now that numerical values of constants are determined, we proceed with the determination of energy
levels of the Roper system for the three different channels Nz, No and Anr. After this, we also
take a look at the coupled channel N7/No and compare our obtained energy values with lattice
QCD calculations. We note again that A and o fields are allowed to decay to N and w7 channels,
respectively. Thus, these states can simply be seen as auxiliary degrees of freedom accounting for
different configurations of the Nzz system.
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interacting levels ]

free N7 levels

E,/my

Figure 4.3: Energy levels for different box sizes L considering only pion and nucleon as intermediate states.
The red solid lines display the numerical results for the interacting energy levels and the blue dashed lines the
free (non-interacting) energy levels of the pion and nucleon for |7z1,2|2 = 1,2,3,4 (lowest to highest curve). The
thick solid black line marks the mass of the Roper resonance.

4.9.1 N channel

First of all, we perform a numerical calculation including only the X, contribution. That means only
pion and nucleon intermediate states are considered and we neglect the self-energy with the o--dimer
and A-dimer, i.e. we set f3 = f; = 0 for now. The obtained levels can be compared with the results
from Ref. [86], which serves as a test for the theoretical framework. The results are displayed in
Fig. 4.3, where the energy is given in units of the nucleon mass mj; and the box length L is multiplied
by the pion mass M, to obtain a dimensionless quantity for the box size. The red solid lines denote
the numerical results of E for the respective energy levels while the blue dashed lines denote the free
energy levels of the pion-nucleon final states (also in units of my), i.e.

2 2
- 5 2m\° . 2m\° .
E;r]eve (l’ll,nz) = \/mlz\, + (T) |I’l1|2 + \/M72r + (T) |I’l2|2 . (496)

Here, 71, and 71, are the discretized momenta of the nucleon and pion with 71; + 11, = 0. We restrict
ourselves to the first four levels for simplicity. The thick solid black line corresponds to the real
part of the Roper resonance mass, i.e. mg/my =~ 1.45, which is from here on called the “critical
value”. We can see clear signs of avoided level crossing at small box sizes around the critical value,
i.e. the energy levels switch from one free energy level to another, most notably between the free
levels |7 5| = 3 and |71 ,| = 4 in Fig. 4.3. Overall, Fig. 4.3 is in very good agreement with the result
obtained in Ref. [86] (for more comparisons, see Ref. [43]). This is a noteworthy result considering
that the present formalism is much simpler. In Ref. [86] the full Lagrangian from baryon chiral
perturbation theory has been used including Lorentz-, spin- and isospin-structure. Slight deviations in
the numerical results can be observed mostly for small values of M, L which is expected. However,
the general similarity between the numerical results is striking, making us optimistic to proceed with
this approach.
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1.7}

interacting levels ]

free N7m levels

Figure 4.4: Roper energy levels for different box sizes L considering only nucleon and o-dimer as intermediate
states. Red solid lines display the numerical results for the interacting energy levels and grey dashed lines the
free (non-interacting) lowest-lying three-particle Nwmr energy levels. The thick solid black line marks the mass
of the Roper resonance.

4.9.2 No channel

Next, we include the dimer fields starting with the o-dimer, which we studied in detail throughout this
work. We set f, and f; to zero, leaving us with the self-energy X, only. The numerical results for
the No contribution are displayed in Fig. 4.4. In this system, the free, non-interacting three-particle
Nrm energies are determined as

2m\? or\? 2\2
B, (ﬁl,ﬁz,ﬁ3)=\/m%+(f”) |ﬁ1|2+\/M,%+(f”) |ﬁ2|2+\/M,%+(f”) . @97

There are, naturally, more free energy levels in this three-particle system, but some of them overlap
with each other. Also, it should be noted that not all possible combinations of the free Nnzr system
have the quantum numbers of the Roper resonance L,;,; = P;;. Since we did not include isospin,
spin and angular momentum structures in our fundamental Lagrangian, we simply show all interacting
energy levels that appear in our calculation. In Fig. 4.4 the lowest lying free Nz levels N(0)7(0)7(0)
(the Nzrr threshold), N(1)x(1)x(0), N(0)x(1)x(1), and N(2)x(2)x(0) are shown. We observe that all
our obtained energy levels lie very close to the non-interacting three-particle levels and converge to
them for large box sizes, similar to the two-particle case from Fig. 4.3. The energy shift is negative
caused by setting @, = —1 for the o-dimer field. We tested what happens in the case that o, = +1
and, indeed, the interacting levels then approach the free levels from above. There are no clear signs
of avoided level crossing near the critical value. Solely the behaviour of the energy level between
the free levels N(0)x(1)x(1) and N(2)7(2)7(0) may be affected by avoided level crossing, being first
closer to N(0)z(1)x(1), but then approaching N(2)n(2)x(0) for M, L > 5. A possible explanation
why no other signs of avoided level crossing are visible might be the fact that the interacting energy
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Figure 4.5: Energy levels for different box sizes L considering only pion and A-dimer as intermediate states.
Red solid lines display the numerical results for the interacting energy levels and grey dashed lines the free
(non-interacting) lowest-lying three-particle Nnrr energy levels. The thick solid black line marks the mass of
the Roper resonance. The small pictures on the right-hand side show more precisely the behaviour of the close
lying energy levels.

levels lie too close to the free levels, which can mitigate the typical signature of avoided level crossing.
We tested that an increase of the constants 4, and f; within reasonable limits does not change this
picture significantly. In future studies, one should reconsider the numerical estimates of all involved
LECs, perhaps with the help of newly acquired lattice data.

4.9.3 Ax channel

Now, we take a look at the second dimer-field, the A-dimer. Analogously to the cases before, we
set the LECs f, and f; to zero, leaving us with the self-energy contribution X, only. The results
are shown in Fig. 4.5. Like in the o-dimer spectrum, the obtained energy levels lie very close to
the non-interacting levels and asymptotically approach them for larger box sizes. This time the free
levels are approached from above due to @, = +1 and the distance between the interacting and
non-interacting levels is overall much smaller than in the No case. Also, in Fig. 4.5 there are no
visible signs of avoided level crossing. Instead, another interesting effect appears in this spectrum:
Above the free levels N(1)x(1)7(0) and N(2)7(2)7(0) there are two interacting energy levels visible,
which lie very close, but do not cross each other when increasing M L, see the zoom-in in Fig. 4.5.
Indeed, these energy levels belong to the same free energy eigenvalue, i.e. the lower energy double
line belongs to N(1)x(1)x(0) and the upper one to N(2)x(2)x(0). We tested this by reducing the
coupling g,, which causes both double lines to move closer to their respective free energy levels and
also decreases the splitting between the levels. The splitting of these interacting energy levels comes
from the fact that in the Az system either a spectator pion or a pion within the A-dimer propagator
(A — N — A) can carry momentum away. Since both possibilities come with a different LEC, f;
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Figure 4.6: Energy levels for different box sizes L considering the coupled channel with Nz and No self-energy
contributions. Red lines display the numerical results for the interacting energy levels. Blue dashed and grey
dashed lines show the non-interacting N and Nmw energy levels, respectively. The thick solid black line marks
the mass of the Roper resonance. The small pictures on the right-hand side show the three critical points where
the interacting energy levels come very close to each other.

or g,, respectively, there is a small splitting between the levels. This also explains why we did not
see such a splitting of the interacting levels in the No spectrum. There, the nucleon is the spectator
particle and the two pions interact with each other in the o-dimer propagator, so that it does not matter
which pion carries away the momentum. The question whether this splitting should be observed in
a full coupled-channel (#N/Ar /o N) calculation brings us to an interesting point. In particular, a
coupled Arr/o-N system allows for the appearance of a (pion) exchange diagram. These exchange
diagrams enable transitions between A- and o-dimer fields, which are important to fulfill unitarity.
Such contributions, however, cannot be included at leading one-loop order in the self-energy, but enter
at two-loop order. This issue is left out for a future work.

4.9.4 Nr /N o coupled-channel

For our final analysis we take a look at a coupled N/ No system. This means that we include both
self-energy contributions at once in Eq. (4.83), neglecting only the 7A (f3 = 0) part for the reasons
discussed before. The results of the coupled-channel energy levels are depicted in Fig. 4.6. We
restricted ourselves to M, L < 5, since many energy levels appear in this case, many of which lie too
close to the non-interacting ones. Furthermore, we note that the free levels can naturally cross as a
function of M L, see the grey lines in Fig. 4.6. However, a crossing of interacting levels would be
in conflict with the hermiticity of the perturbation theory Hamiltonian [192]. Indeed, this does not
occur as shown in the close-ups on the right-hand side of Fig. 4.6. Furthermore, we observe that the
avoided level crossing signature of the two-particle N spectrum seen in Fig. 4.3 is now washed out
in the coupled channel case, i.e. the interacting levels now lie much closer to the free energy levels
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Figure 4.7: Comparison of the Roper resonance energy levels with lattice results using the Nzx and No
self-energy contributions. Red circles display the numerical results for the interacting energy levels and black
circles the lattice results with errors from Ref. [15]. Blue dashed and grey dashed lines show the non-interacting
Nr and Nz energy levels, respectively.

for small M, L. This is probably caused by the large contribution from the double sum in the No-
self-energy contribution, which gives the whole self-energy function an offset, that pushes the zeros of
the function (interacting energy levels) closer to its poles (non-interacting energy levels).

4.9.5 Comparison to lattice QCD results

Lastly, we can test how our results compare to previously obtained lattice QCD results from Ref. [15].
Therein, the energy eigenvalues in the G| irreducible representation have been obtained in a box of
length M L = 2.3 with a pion mass close to the physical point, i.e. M, = 156 MeV, and a nucleon mass
of my; = 980 MeV, also slightly larger than the physical value. To ensure a better comparison with the
lattice results, we use these values for M, and m,,. The other masses and LECs in our calculation are
not changed, i.e. we use the same estimates as described before in section 4.8. The comparison of our
Nr/No coupled channel and the lattice results is shown in Fig. 4.7. We observe that the lattice QCD
study found an energy level located at the nucleon mass, since the nucleon has the same quantum num-
bers as the Roper resonance. In our calculation, this nucleon energy level does not exist, because there
is no self-energy contribution that produces a nucleon pole. Instead, our ground-state level is located
at the N threshold which, however, does not have the correct quantum numbers. The N7 threshold
has negative parity meaning that it cannot show up in the Roper channel. Still, since no projection to
definite parity is done here, this state appears as the lowest level in the N self-energy contribution
from Eq. (4.80). Note that in the baryon chiral perturbation theory framework of Ref. [86] the Nx
threshold does not appear since the chiral effective Lagrangian with all the proper symmetries forbids
this state. Hence, the appearance of this threshold can be seen as an artifact of our non-relativistic EFT
approximation. Once our formalism here is extended to include more symmetries and structures from
chiral effective Lagrangians, we expect that the Nz threshold does not enter the spectrum anymore. The
next higher energy level is the Nz threshold. Our prediction for the corresponding interacting energy
level lies slightly below the threshold, whereas the lattice prediction lies just above it. The error of the
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lattice result, however, is large enough to also allow a level below the threshold. The next observed
level corresponds to the first momentum including free level, i.e. N(1)x(1). Here, our prediction lies
barely above the free level, but agrees with the lattice results within the 10~ uncertainty quoted there [15].

For completeness, we also consider the Nx/An coupled-channel for the comparison with the
lattice results. Setting f; = 0 and turning on the A-dimer contribution, the finite-volume spectrum is
obtained and depicted in Fig. 4.8. The spectra look almost identical to Fig. 4.7. We again include
the N threshold in the figure according to our explanation from before. The only difference is that
the prediction related to the N threshold lies now slightly above the free level, which actually
creates a better overlap with the lattice result but also makes our prediction more consistent with
a non-interacting theory. However, more work is needed here to find a suitable way to include
both A-dimer and o-dimer fields in one coupled channel. Also, for both plots, Figs. 4.7 and 4.8,
we emphasize that the box length is relatively small with M L = 2.3 meaning that exponentially
suppressed contributions can still give sizeable corrections at this point. Some of these contributions
have been neglected in our finite-volume approach, which can lead to further systematic uncertainties.
Nevertheless, we see that even without fitting to the lattice energy eigenvalues and assuming that
the other parameters (masses and LECs) do not change by increasing the pion and nucleon mass,
our predictions agree well with the lowest-lying states of the lattice spectrum. More specifically, we
observe that our highest energy-eigenvalue (~ 1.6 GeV) is barely shifted from the corresponding
free-energy irrespectively to the inclusion of No or Arn fields. The next lower energy-eigenvalue is
shifted down/up from the Nz free-energy, respectively to the {Nx, No} or {Nnx, An} cases. Neither
of these cases can be preferred statistically from the currently available lattice QCD results. Still, the
fact that the energy shift from the free energy has different signs when including No or Arx cases
tells one that when higher precision lattice results are available we indeed have the chance to resolve
interaction patterns of the Roper.

72



4.10 Summary and conclusions

4.10 Summary and conclusions

In this paper, we have analyzed the finite-volume spectrum of the Roper resonance using a particle-
dimer approach. We introduced a non-relativistic covariant Lagrangian with nucleons, pions and three
dimer fields as degrees of freedom. These dimer fields are the Roper resonance itself, the o-meson and
the A-resonance. We then calculated the Roper self-energy within our framework to one-loop order.
Furthermore, we analyzed the o- and A-dimer fields and dressed their corresponding propagators to
explicitly include three-particle dynamics. From then on, we restricted ourselves to a finite volume.
We showed how the self-energy of the Roper resonance can be calculated in a finite volume and how
to extract the interacting energy levels of the Roper system. Afterwards, we discussed methods to
determine the appearing LECs that contribute to the self-energy corrections. Then, we calculated the
finite-volume spectra of the Roper resonance for various cases. Our main findings are the following:

* In the Nx channel, avoided level crossing can clearly be observed around the Roper resonance
mass. For large box sizes, the energy levels approach the free Nz energies. The spectrum
agrees very well with our previous result in Ref. [86], using baryon chiral perturbation theory.

* Including the No channel, with the o dressed by the pertinent 7 loops, we were able to
implement three-body (Nnr) dynamics. While we checked that the two-body sub-system can
reproduce the finite-volume spectrum for not too large pion masses, no clear signs of avoided
level crossing could be observed in the three-body (Nnr) spectrum. We observed similar
behaviour for the A channel.

* Uniting the Nm and No contributions in a coupled-channel system, we observed that the
interacting energy levels lie very close to their respective free N or Nan levels. Strikingly,
the obtained spectrum in our formalism showed an overall good agreement to the lattice QCD
results [15] even without a fit to their energy eigenvalues.

In conclusion, we think that albeit very simple, the proposed alternative finite-volume formalism defines
a new, systematically improvable pathway of extracting resonance proper-ties from finite-volume
spectra. Moreover, already now the formalism shows that effects due to No- and Ax channels can be
decomposed once more precise lattice results are available. With that, the formalism provides already at
this stage a valuable guidance on the required precision of the lattice QCD input. Systematical updates
to the formalism include spin and isospin projections as well as inter-couplings between different
particle-dimer channels via pion exchange diagrams, so that a full Nn/No /Ar coupled-channel
system can be achieved. Work in this direction is planed.
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CHAPTER D

Electric dipole moments of baryons with bottom
quarks

5.1 Prologue

The content of this chapter including appendix C is based on the publication

Y. Unal, D. Severt, J. de Vries, C. Hanhart and U.-G. MeiBner,
“Electric dipole moments of baryons with bottom quarks”,
Phys. Rev. D 105, no.5, 055026 (2022) [arXiv:2111.13000 [hep-ph]].

In this chapter, we move away from the Roper resonance and consider the second topic of this thesis:
The electric dipole moments of heavy bottom baryons.

Triggered by experimental prospects to measure electromagnetic dipole moments of baryons containing
a bottom quark, we calculate the CP-odd electric dipole moments (EDMs) of spin-1/2 single-bottom
baryons in this chapter. We consider CP-violating dimension-six operators in the Standard Model
effective field theory that involve bottom quarks, and apply heavy-baryon chiral perturbation theory to
compute the EDMs of several baryons. We discuss the expected size of the EDMs for beyond-the-
Standard Model physics appearing at the TeV scale (Ref. [193]).

The project started with an e-mail by J. de Vries to Y. Unal and U.-G. MeiBner, who had just finished a
work on strong CP violation in spin-1/2 single-charm baryons [194]. In that, the QCD 6-term and
its CP-violating consequences on c-baryons was considered. J. de Vries had the idea to consider
dimension-six operators from Standard Model effective field theory (SMEFT) as the source of CP
violation. He asked if one could construct a chiral effective Lagrangian for heavy b-baryons that
includes the dimension-six SMEFT operators and calculate the induced electric dipole moment (EDM)
of the A,-baryon from it. Y. Unal and U.-G. MeiBner decided to take up this idea and started working
on this project. After a few weeks, Y. Unal asked the author of this thesis, who was her office colleague
at the time, if he wants to join the project as well. The author agreed and the two began to look for the
relevant SMEFT operators that needed to be considered to calculate the baryon EDMs.

The SMEFT operators in flavor SU(2) were already discussed in [195]. However, when including the
heavy b quark, also an extension to flavor SU(3) should be considered. Together with Y. Unal and
J. de Vries the author helped to find the relevant dimension-six operators, which then should be used
to construct a chiral effective Lagrangian for the bottom baryons. To create the chiral Lagrangian
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that includes bottom baryons and octet mesons as degrees of freedom from a given Lagrangian at
quark/gluon level is not a straightforward task. At this point C. Hanhart was invited to join the
collaboration for helping to formulate the effective theory. Together with his collaborators the author
of this thesis constructed the Lagrangian for the four different SMEFT operators. For this, the
chiral transformation behaviour of the dimension-six terms had to be determined. Depending on
the transformation properties, different chiral building blocks containing bottom baryons and meson
fields were introduced and combined together in a way that all necessary symmetries are fulfilled
(see e.g. [196]). This procedure was one of the major tasks of the project. After obtaining the
newly constructed Lagrangian, the author of this thesis expressed the Lagrangian in the so-called
heavy-baryon formulation (see e.g. [78, 79]), which simplified many of the appearing structures. Then,
the EDMs of the bottom baryons were calculated. Since the Lagrangian includes all bottom baryons,
i.e. the anti-symmetric triplet and the symmetric sextet, the idea came up to calculate the EDMs of
all baryons and not just the A,. Y. Unal calculated the EDMs and the author of this thesis checked
the results. J. de Vries analyzed the results further by looking at patterns inside the equations, which
could be used to estimate relative sizes between the different EDMs. The main problem is that the
equations for the baryon EDMs include a significant amount of low-energy constants (LECs), which
are unkown. One way to estimate the order of magnitude of these LECs is naive dimensional analysis
(NDA) [197, 198]. Together with Y. Unal and J. de Vries, the author used the rules of NDA to connect
the unknown LECs with physical constants and energy scales. Additionally, the author performed
a Monte Carlo (MC) sampling to estimate the absolute sizes of the baryon EDMs numerically. All
members of the collaboration hope that these findings can help to motivate future experiments aiming
to measure the EDMs of heavy baryons.

5.2 Introduction

Experiments aiming to detect permanent electric dipole moments (EDMs) set strong bounds on
flavor-diagonal mechanisms that simultaneously violate time-reversal (T) and parity (P) (and thus CP
symmetry if we take CPT to be a good symmetry of nature). For instance, the strongest constraints
on the QCD 6-term arise from measurements of the EDMs of the neutron and the 199Hg atom
[46, 199]. In addition, EDM experiments strongly constrain possible sources of CP violation from
beyond-the-Standard-Model (BSM) physics. While EDMs have been calculated in a plethora of
different BSM models, BSM CP violation can be described more systematically in the framework of
the Standard Model Effective Field Theory (SMEFT) [45] under the reasonable assumption that the
scale of BSM physics, A, lies well beyond the electroweak scale, v =~ 250 GeV.

A lot of effort has gone into more and more accurate calculations of EDMs of systems containing
first-generation valence quarks such as nucleons, nuclei, atoms, and molecules [195, 200-203]. The
associated experiments are mainly sensitive to CP-odd SMEFT operators containing light quarks (and
leptons, but we will not pursue leptonic CP violation in this work). For instance, the non-observation
of a neutron EDM sets stringent limits on the electric and chromo-electric dipole moments of up and
down quarks and various four-quark interactions [204]. The experimental limits are so stringent, that
the same experiments also indirectly constrain CP violation in interactions involving heavier quarks.
For instance, a chromo-electric dipole moment of a bottom or top quark, induced at the scale A in
some BSM theory, will in turn induce chromo-electric dipole moments of light quarks and gluons due
to renormalization-group evolution to lower energies and threshold effects when the heavier quarks
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are integrated out. Systematic studies of the resulting indirect limits have appeared in several places in
the literature see e.g. [205-208].

Although those indirect limits are already valuable, more direct information on CP-violating interactions
involving heavy quarks would be welcome. First of all, additional observables would help in setting
global constraints leaving less room for possible cancellations among various sources. Second,
as soon as a non-zero EDM will be found, hopefully in the near future, additional information
is needed to pin down the underlying source of CP violation. Third, while operators with heavy
quarks contribute to first-generation EDMs, the contributions are loop suppressed and sometimes
involve small dimensionless numbers such as Cabibbo-Kobayashi-Maskawa (CKM) matrix elements
or light-quark Yukawa couplings. Finally, and arguably most importantly, plans are being discussed
to measure EDMs of baryons with a heavy valence quarks directly. For instance, Refs. [47-49]
discuss the prospects of measuring EDMs of charm and bottom baryons. Further discussions on
the mechanism of CP violation resulting from the QCD 6-term in the charm baryon sector can be
found in [194]. In this work, we calculate the EDMs of spin-1/2 bottom baryons in the framework of
the SMEFT. In this way, we can determine what is the sensitivity of potential future measurements
on the scale of BSM physics, and whether different baryons have a different sensitivity to various
CP-violating SMEFT operators.

This paper is organized as follows. In Sect. 5.3 we discuss dimension-six SMEFT CP-violating
operators involving bottom quarks. In Sect. 5.4 we discuss how to match these operators to the
hadronic level using chiral perturbation theory focusing on the operators most relevant for our EDM
calculations. In Sect. 5.5 we perform the calculation of the EDMs of bottom-quark baryons at leading
order for each source of CP violation. We discuss the expected sizes of EDMs in Sect. 5.7 and
conclude in Sect. 5.8. Several appendices are devoted to technical issues.

5.3 CP-violating operators involving bottom quarks

We start with listing CP-violating operators involving b quarks at the quark level. We focus on
operators with at least one bI'b bilinear, where T" is a general Lorentz-structure, while the remaining
fields are light quarks or gauge or scalar bosons. Operators with more b quark fields lead to suppressed
EDMs of systems containing a single b valence quark in the same way as b quark effects are suppressed
in light states. We do not consider operators with just light quarks even though they would contribute
to b-quark containing baryons. The reason being that the limits on these CP-odd operators from
traditional EDM experiments, such as those for the neutron EDM, are very stringent.

At low energies, right above the b-quark threshold, the effective P- and T-violating dimension-six
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operators of relevance here reads [45, 196, 201]

6 _
L;LEDM =dub " ysb F,.
6 .
‘EEJ,B]CEDM =dyb " ysA“b sz,

.ngth = ig® (iubysb + itysubb — bysuiib — buitysb) + (" (ddbysb + dysdbb
— bysddb — bddysb) + i3 (5sbysb + 5yssbb — bysssbh — bssysb)
+ i (@A ubysA°b + itysA°ubA®b — bysA°uiid®b — bA“uitysA°b) (5.1
+iud?(dA%dbysAb + dysA°dbA“b — bysA*ddA*b — bA*ddysA*b)
+ P (54%sbysA%b + 5ysA”sbA%b — bysA“s5A%b — bAs5y5A°b),
quLR = iV?qub(ELVy“LﬁRVMbR) - iV?bV;b(BRV,MRﬁLV”bL)
+ ivgbVub(BLyﬂ/l“uLﬁRy“/l“bR) - ivé’bV;b(BRyﬂ/l“uRﬁLy”/l“bL),

where V,;, is an element of the CKM matrix, F},, and GZV are the electromagnetic and the gluon
field-strength tensors, respectively.

The bottom-quark EDM (qEDM) and bottom-quark chromo-EDM (qCEDM) operators arise from the
following dimension-six operators in the SMEFT Lagrangian

Ly = C"P (030" by YHB,, + C™Y (030" b YHW, + C*C (030" A%by YHGY,
+h.c., (5.2)

where Q5 denotes a left-doublet of third-generation quarks, H is the Higgs doublet, and B,,,, and Wﬁv
denote, respectively, the U(1)y and SU(2); field strengths. To preserve gauge invariance, the SMEFT
dipole operators involve a Higgs field in the SMEFT Lagrangian. Eq. (5.1) is subsequent to electroweak
symmetry breaking where we have replaced the Higgs field by its vacuum expectation value. The
bottom gEDM arises from a linear combination of U(1)y and SU(2); dimension-six dipole operators
(there is in principle an associated dipole operator coupled to Z and W™* bosons that play no role in
our analysis). In most models of BSM physics, the dipoles scale with the bottom quark Yukawa and
we expect d, Jb ~ my, /A2. These dipole operators are generated in various classes of BSM physics
ranging from supersymmetric scenarios [209], to two-Higgs doublet models [210], to leptoquarks [211].

The four-quark (4q) operators in L;ﬁq are induced from gauge invariant operators of the form

Ly = Cir (Qhug, ey (Qldg ) +he. + ..., (5.3)

where the ellipses denote terms with additional color structure, and abcd are generation indices.
These operators induce L;ﬁ for the generation indicesa = b = {1,2} andc=d =3ora=d =3
and b = ¢ = {1,2} (the operator in Eq. (5.1) are associated to the former generation configuration.
The second configuration leads to very similar low-energy operators and the analysis presented here
will be the same) and additional operators involving top quarks that play no role at low energies. We

expect ,u'l‘%db’Sb ~ 1/ A?. For instance, the CP-odd four-quark operators are induced in models of

78



5.4 Chiral perturbation theory for bottom baryons

leptoquarks in which case A is related to the mass of the exchange leptoquark [211].

(6)

The four-quark operators in £, " JLR

are induced from the gauge-invariant operator
_ pab aal —a b
Ligr = Cio e (H DMH) @y bl + hc. . (5.4)

After electroweak symmetry breaking this operator leads to a right-handed charged current. This
operator is usually called four-quark left-right (4qgLR) operator. The interactions in L;flq LR are
generated when the W boson is integrated out at tree level between quarks giving rise to the additional
factor of V,,;,. By power counting vlu’g ~v? / (m%vAz) ~ 1/ A% An example where this operator is

generated is the minimal left-right symmetric model [204].

5.4 Chiral perturbation theory for bottom baryons

The way to include heavy bottom quarks into standard Chiral Perturbation Theory (ChPT) is known
for some time [81, 82]. In the SU(3) flavor representation the spin-1/2 anti-symmetric triplet and
symmetric sextet bottom baryon states are denoted by the following matrices, respectively,

D % E_/IB
0 A) E) b2
B; =|-A? g,, Be=|%2 3z Z|. 5.5
—-= —= 0 =0 -
b b 2 Ep
V2 V2 b
The Goldstone boson octet is given by
1 1 + +
BT -i-\/—gn 1 7; KO
¢ = /4 —Tﬂ + %77 K , (56)
— =0 _L
K K Vel
and we define
U=u*=exp (ii), (5.7)
Fﬂ'

where F,_is the pion decay constant. The relevant P- and T-conserving free and interaction Lagrangians
up to the second chiral order in a covariant formalism are given by [82, 212-214]

L = %(Bg(izz) — m3)B3) + (Bg(ilD — mg)Bg)

free
_ 81,5 82 5 ~ 83 /5. .
Ly = 3<B6¢7SBG> + ?<B6¢'YSB3 +h.c.)+ 5<BS¢VSB3>=

+ W4<EéUwB§><FJv> + W5<560'W36><F;v> .

(5.8)
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Here, Dﬂ is the covariant derivative defined as

1 . 0\t
DB =0,B+T,B+Bl,, T, =5 |u'd,-inu+ud, il (5.9)

and U, is the standard chiral Vielbein

w, =i |u'(9, —ir,)u—u(@d, —ilu|, (5.10)
where r,, and /,, denote external right- and left-handed sources. Also, we have
F;V = uTQBFm,u+uQBFm,u%, (5.11)

with the bottom baryon charge matrix [215]
Op = gdiag (1,-1,-1). (5.12)

The prefactors g;_; and w_s are low-energy constants (LECs). g, is calculated using the widths of
the heavy baryons. g, and g5 are related to g, with the help of the quark model and heavy quark
spin flavor symmetry [82, 213, 215, 216]. Due to heavy quark spin symmetry, the vertex B;Bz¢ is
forbidden and the term has to vanish, i.e. gz = 0. This result can be deduced from angular momentum
and parity conservation arguments (see e.g. [82]). The conventional magnetic moment couplings,
w,_s are determined from fits to calculations to baryon magnetic moments in [217, 218]. However,
in the present calculation, they do not contribute to the EDMs at the order we work. The numerical
values of the contributing couplings are given in Section 5.7.

5.4.1 Construction of the effective CP-violating Lagrangian

We now turn to the construction of the effective Lagrangian on the hadron level arising from the
dimension-six terms in Eq. (5.1). The first operator we want to look at is the bottom-quark EDM
(qEDM) which does not contain any light quarks but only the heavy b-quark. As it already contains
the electromagnetic field strength tensor F,,,,, it directly induces EDMs of baryons containing bottom
quarks. We find only two terms in the leading chiral Lagrangian corresponding to EDMs of the
anti-triplet and sextet of bottom-quark baryons.

Next, we discuss the bottom-quark CEDM (qCEDM). Similarly to the gEDM, there is no light quark
content in the Lagrangian and, instead of F},,,, we have the gluon field strength tensor GZV. The fact
that this term contains only heavy quarks and Gz,, makes this term (like the gEDM) a chiral singlet, i.e.
it is invariant under chiral SU(3) transformations. In standard ChPT, there is no fundamental building
block that transforms as a chiral singlet. Therefore, we have to introduce a new fundamental block 87,
which gives the proper transformation behaviour, and a partner building block 8, which transforms
accordingly and explicitly violates P and T. This procedure works analogously to the definition of
the building blocks y, and y_ in ChPT. However, in contrast to the building blocks y., the chiral
singlet 8 cannot introduce any further structure containing Goldstone boson fields. In fact, it can be
shown that 8" can only enter the effective Lagrangian as an overall constant. In a similar fashion,
one can also deduce that a P- and T-violating chiral singlet term S~ will always vanish. There is
simply no constant that can violate P and T. Despite 8 being a constant, we still have to treat it like a

80



5.4 Chiral perturbation theory for bottom baryons

building block. To construct the effective Lagrangian on the hadron level, we need to combine B*
with other ChPT building blocks that violate CP. This procedure leads to the terms given below. For
more information see e.g. Refs. [195, 196].

The next contributions we investigate are the four quark interaction terms (4g-operators). These
terms need a little extra treatment, since they not just include the heavy bottom quark, but also the
light quarks u, d and s. Due to the presence of the light quarks, we have to study how the 4q-terms
transform under chiral transformations. To obtain the transformation properties of Lgfth under chiral
SU(3) transformations, we first express the non-mixing u; terms of the operator as follows

il (aubysb + wysubb) + ip" (ddbysb + dysdbb) + iy}” (5sbysb + Syssbb). (5.13)
These terms have the structure
igM,q (bysb) + igM,ysq (bb), (5.14)

in terms of the quark column vector ¢ = (u, d, s)T and

pi” 00
_ db
M=o u o] (5.15)
0 0

For the light quarks, Eq. (5.14) has the structure of a mass term in ordinary ChPT, because the term
containing the b quarks is a SU(3) singlet and does not transform at all. The M, matrix will therefore
act as a new scalar source, similar to the quark mass matrix in standard ChPT, while the explicit
insertions of the b-quark field allow for the appearance of the heavy bottom baryon matrices B3 and
B in the effective Lagrangian. The mixing terms in the 4q Lagrangian,

—ip“? (bysuiib + buitysb) — iuS’ (bysddb + bddysb) — iy}” (bysssb + bssysb), (5.16)
can be treated in an analogous way. If we use the identities

gq = iu+dd+5s,
uii ud us
qG = |di dd ds|,
si sd S5
(qq) = wii+dd+s5, (5.17)
we can express Eq. (5.16) together with Egs. (5.15, 5.17) as

—ibys((M,q)q3)b — ib{(M,q)q)sb. (5.18)

Using the cyclic property of the trace one observes that these mixing terms transform again like
a mass term. Thus, we can use the same procedure like in the non-mixing case to obtain the
effective Lagrangian. For the 4q-operators, the u- and ug-terms have identical chiral symmetry
properties. While these terms are distinguishable on the quark-level, at low energies the resulting chiral
Lagrangians are identical. We are not able to distinguish them without nonperturbative information
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Chapter 5 Electric dipole moments of baryons with bottom quarks

about the associated low-energy constants. The effective Lagrangian from the 4g-operator will
therefore combine the effects of the y; and ug terms.

The last terms we have to discuss are the 4qLR-terms. Similarly to the 4g-operator one can reproduce
the transformation rules for the 4gLR-operator. First we take the v'fb—terms and use Fierz identities
to rewrite the left- and right-handed components of the quark fields. Then, we arrange the resulting
terms, like before, in structures involving the quark vector g and a new scalar source

Vb0 0
Ny=l 0 0 of. (5.19)
0 00

We find the same transformation behaviour as for the 4q case. This leads to an identical EFT
Lagrangian construction procedure. Also here the 4qLR-terms involving the constant vg b are not
distinguishable from the v'fb—terms at the level of chiral EFT. Finally, we mention that after rewriting
the terms with Fierz identities, we obtain both P- and T-violating and P- and T-conserving interactions.
The latter lead to modifications of P- and T-even observables that are swamped by Standard Model
contributions, and we neglect them below.

We are now in the position to write down the hadronic Lagrangians accounting for the various
P- and T-violating dimension six operators. For the quark EDM we obtain the two operators

fr. = .
gEpm = C1{B50""ysF,, B3) + ca{ Bo*"ysF,, Bg) + ... . (5.20)

A much longer list of operators appears for the qCEDM. Here, we give all operators that appear at the
same chiral order. As discussed below not all operators are relevant for the EDM calculations we
perform. We list them here for completeness. These read

£ggEDM =" | b1 (B3 xyYsB3) + by(Bsx,vsBs) + b3(Bsx,ysBs + h.c.) + by(ByysB3){x,)
+ bs(BgysBe){x.4) + be{B3x_B3) + b;{Bg x_Bg) + bg(Bg x_B5 + h.c.)
+ bo(B5B3)(x_) + b1o(BeBe)! X_>] +ig" [bll (Byu'ysu, Bs) + byy(Beu ysu, Be)
+ by3(Bouysu, By + h.c.) + byu(ByysBs)(u"u,) + bys{BgysBe)(u'u,,)
+B7 [b16<E30-HV75FJVBﬁ> + b17<1§60'#v75Fy+v36> + b18<é60-yv75F/:VB§ +h.c.)
+ b19<B§U”VYSB§><FJv> + b20<B6O-#V'YSB6><F;v>]
+ 87 [bZI (B30 ys[u,, u,1B3) + byy(Bgo™” ys[u,,, u, ] Bg)

+ b3 (B ys[u,, u,1B3 + h.c.)
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5.4 Chiral perturbation theory for bottom baryons

+ 8" [524<B§””><MV0',1V7533> + bys <Eﬁuﬂ><uva7’sBﬁ>
+ byg(Beu!' ) (u” 0, v5B3) + h.c.]
. =~ = — =
+ip" [b27 (B3u"'u”y, 5D, B3) — byg(B3 D, u"'u”y, ysB3) + bag(Beu""y, ysD, Bs)
R MY B oMY a
= by (Bg D, u"u" v, ysBg) + b3 (Beu' u v, ysD, By + h.c.)
S < 4y
= b3 (BeDu"u"y, ysBy + h.c.)]
. _ _
+ lﬁ+[(b33<337” ¥sD”Bs) — b3y (B3 D" y" 7533>)<Mﬂuv>
- -
+ (b35<B67'u75DVBé> - b36<BeDV7”7’sBs>)<M,1MV>
— — PV
+ (b37(B6y”y5Dng + h.c.) = byg(BgD"y"ysBs + h.c.))(u#uv ]

+ ...,
(5.21)

For the four-quark operators we obtain

L5 = ipy (B3R, vsBs) + ipn(Be ¥y ysBe) + ity (Be ¥y vsBs + h.c.) + ipy(ByysB3){(¥y)
+ius(BgysBe)(¥s) + ite{ B3 X_B3) + ipt7(Bs ¥_Bg) + iptg(Bs B3 + h.c.)
+ipg(B3B3)(X_) + ipt10{BsBs)(X_) + t11 (B3 X" ysF,B3) + p112(Bs ¥ 0" ysF,1, Be)
+ f113(Bg X 0 ysF By + h.c.) + p114(B5 ¥, 0" ysB5)(Fy,) + py5(Be %0 vsBg) (Fypy)
+ 116(Be 40" ysBs + h.c.)(Fpp,) + 117(B30™ ys Fop, B3)(¥s) + 1B y5Fyp, Be) (¥4
+ 119(BeT™ Y5 Fp By + h.c.)(¥y) + too( B30 vs B3) (X4 Fpy) + 1121 (Bo0™ y5sBe){ X1 Fpy )
+ (B3 Y0 F, B3) + tps(Bg X0 Fyp, Bg) + g (B Yo" F,;, B3 + h.c.)

+ f5(B3 X_™" B3)(Fy,) + to(Bs X_0"" Bs)(Fy,) + pa7(Be 0" Bs + h.c.)(F,)
+ fiag (B30 Fp, B3)(F_) + pag( B0 F,p, Be)(¥_) + p3o(Bs0o™” F, B3 + h.c.)(¥_)

+ 131 (B30 B3)(X_Fp,) + 3o (Beo™” Be)(X_Fppy) + ...
(5.22)
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and

L8k = iRe(V,,) v (B3 X_B3) + vo(Bs X_Bg) + v3(BeX_Bs + h.c.) + vy(B3B3)(¥_)
+ vs(BgBg)(X_) + v6(B3 X+ vsB3) + v1(Bs X1 ¥5Bs) + (B X, ysB5 + h.c.)
+vo(ByysB)(£e) + vio(BeysBe) (£) | + Re(V) | v11 (B3 £ v Bs)
+v12(Be X0 ysF, Bg) + vi3(Be X, 0 y5Fp, By + h.c.) + vi4(Bs X, 0" ysB3)(F,p,)
+v15(Be X 0" ysBe)(Fy) + vig(Bo X 0" ysBs + h.c.)(Fpp,) + vi7( B30 s Fyp B3) (X.)
+v15(Beo™" Y5 Fn B) (X) + vig(Beo™ ysFyn Bs + h.c.)(Xy) + vao( B30 vs B3) (X Fyry)
+ V) <360#V7536><)?+FJV> + V22<B§/€—OJJVF/:—VB§> + V23<E6/\£/—O-ﬂVFJVB6>
+ vau{BoX_ 0" F, By + h.c.) + vys(B3 X" B5)(Fpp,) + vae( B x_ 0" Bo)(Fp,)
+vy7(Be X0 B; + h-C-><FJv> + V28<B§O—ﬂVF/jVB§><)?—> + V29<B6O_MVF;:—VBé><)?—>
+ v30(Beo™” Fp, B3 + h.c.)(X_) + v31(B5o™ B3)(X_F,) + v3:(Bso™” Be)(X_F,,)
...

(5.23)
The ellipses indicate further terms of higher chiral order, which we will not display. We have defined

Xs = ui/\/u% + uXTu, X = 2B, diag(m,, m,, my),
Xi = u gut uytu, 1 = diag (u"?, 1%, 1Y), (5.24)
)?i = MT)?M% + M)?Tu, /@ = dlag (Vub, 09 0)7

with the light quark masses m,, and the LEC B, related to the quark condensate. Note that the constants

y”b, ,udb, qu and v*? capture both the color-singlet and -octet terms whose chiral Lagrangians are

identical.

It is convenient to use heavy-baryon chiral perturbation theory (HBChPT) while working with
objects that contain a single heavy quark [78, 79]. In the heavy-baryon formulation, several terms in
the relativistic form cancel or appear at higher orders, and loop calculations are simplified. Furthermore,
the chiral power counting is manifest. The heavy-baryon Lagrangians are given by

W

free

| _—
= §<Biv(”’ . D)Bg") + (Bé’v(lv -D - A)Bav),
Lint = g1<B6,vu,uS'uB6,v> + g2<éé,vu,uS#Bg,v + /’l.C.>,

2 - - -
Lg; =287 \w (B3 v, Sy Foy B3y) + WaBs v, Sy Fon Bs.y) + W3(Bs v, Sy Foy B3, + hoc.)

+ w4<Bﬁ,vva0'Biv><F:v> + W5<B6,vva0'B6,v><F;:—v>]e
(5.25)
with the four velocity v*, the Pauli-Lubanski spin operator $* = —y5(y*y — v*')/2 and the mass
difference between sextet and anti-triplet baryons A = mg — m3. The effective Lagrangians for the P-
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5.4 Chiral perturbation theory for bottom baryons

and T-odd interactions in the heavy baryon formulation are
i . A 5
Lo = 4|1 (B 8"y Bs,)) + ¢ (B 'S Fo B,

ngEDM = 4" [b16<gﬁ,vv”SVF;vB§,v> + b17<36,vv#SVF/ij6,v> + blf;(Es,vV”SVF;ijiv +h.c.)

+ b1g(B3 ,V'S" By | )(Fpp,) + b20<B6,vv#SVB6,v><F;v>] +o.,
1. . ~ ~ . o3 ~ . 5 ~ . 5 ~
qu = lﬂ6<Bﬁ,vX—B§,v> + lﬂ7<B6,vX—B6,v> + l/~18<B6,vX—Biv + h'c'> + l/'l9<BivB§,v><X—>
+ i“lO<B6,vB6,v><)?—> +4i ﬂll(gi,v)?+V#SVF;vBiv> + /112<E6,V/€+V#SVF;:—VB6,V>
+ #13(36,v/\7+v#SVF;vB§,v + h.C.> + ﬂl4<Bi,v)?+v#SvB§),v><FJv>
+ u15<E6,V)?+v#SVB6,V><F;V> + /116<Bﬁ,v/€+vHSVBiv + hc><F;jv>
+ p17(B3 V¥ S"Fi, B5 ) By + py5(Be V'S  Fppy, B, ) (X
+ mg(l?@vv”sVF;vBiv +h.e)(p,) + p20<é3’vv”SvB§’v>()E+F;V>
+ #21<B6,VV”SV36,V><)?+FJV>] +.o.,
1. . >3 2 D 2 D 2 D 2
‘LéequR = lRe(Vub)[Vl (B3, X_Bs,,) + vo(Bg, X_Bg ) + v3(Bg , X_B3, + h.c.) + v4(Bs5 B, ){X_)
+Vs <Bﬁ,vBo,v><)?_>] + 4iRe(Vub)[V11 <Bi,v)?+V”SVF:vBﬁ,v> + V12<Be,v)?+V”SVF;vBﬁ,v>
+v13(Bg , X V'S F,,Bs , + h.c.) +vi4(Bs , X, V'S Bs  )(Fyp,)
+ V15<B6,V)?+V#SVBG,V><F/:—V> + V16<B6’V)?+VﬂSVB:§’V + hC><F:V>
+vi7(Bsy VS  Fly By (B, + vig(Be oV S F Bg YR
+v19(Bg V'S F By, + hoc.)(X,) + vao( B3 V'S By ) (X, Fay)
+ vy (B V'S B ) (X F ) | + -
(5.26)
We only display the terms which are relevent for the EDM calculation. Additionally, to the order
we are working only terms linear in the Goldstone bosons are needed. Terms that begin with
more than a single Goldstone boson are hidden in the ellipses. Since the chiral singlet 8 in the
qCEDM Lagrangian can only enter as an overall constant, it is convenient to absorb 8 into the LECs b;.

Concerning the power counting rules of the CP-odd vertices, the chiral order of the sources is
counted as 0(60), where ¢ is a generic small mass or momentum, since they do not contain any light
scales and in addition will be common to all contributions considered in this work. For the remaining
pieces, we employ standard chiral counting. Fig. 5.1 depicts the tree-level and one-loop Feynman
diagrams that generate a non-vanishing contribution to the P- and T-violating form factor of the B;,
baryons up to the order 0(62). We evaluate the loop diagrams in the framework of dimensional
regularization at the renormalization scale 4 = 1 GeV. We apply the modified minimal subtraction
scheme (MS) in HBChPT [69, 219-221] by absorbing the infinite parts in terms of

An—4
167

1 1

n_4+§@E_1_mmmﬂ. (5.27)

L=
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Figure 5.1: Diagrams contributing to the EDMs of the spin-1/2 neutral anti-triplet and sextet b-baryons. Solid
lines correspond to contribution from either spin-1/2 anti-triplet or sextet multiplets of bottom baryons. Filled
circles and squares are first-order meson-baryon and second order mesonic vertices, respectively. While
diamonds represent vertices generated by the first order meson-baryon Lagrangian, CP-violating vertices at
0(60) and 0(62) are represented by ® and ®, in order.

into the counterterms, with n the number of space-time dimensions and y the Euler-Mascheroni
constant. The tree-level CP-odd diagrams at order 0(62) displayed in diagram (a) receive contributions
from all the CP-violating operators. The one-loop diagrams at leading 0(62) are given by diagrams
(b)-(g) in Fig. 5.1.

5.5 The P- and T-violating form factor

The EDM of the neutral and charged b-baryons can be extracted from the P- and T-violating form
factor ng (qz). It is defined through

(By(pp) [ Jepmy | Bo(p) = DY (6)i(py)o ysd"u(p;), (5.28)

in the covariant formulation with momentum transfer g = py — p;, see e.g. Ref. [214]. The EDM is
then given by

dy = DVBb(q2 =0). (5.29)

One can reformulate the form factor in the heavy baryon approach using the Breit frame. In this frame,
we have v - p; = v - p, and we set the four-velocity to v, = (1, 0). The form factor is then obtained as

(By(pp) | Sy | Bo(p)) = =2iD} (42)B,v,(S - @)B,. (5.30)

86



5.5 The P- and T-violating form factor

We first consider the contributions from the tree-level diagrams in Fig. 5.1-(a). The expressions of the
electric dipole moment of the anti-triplet and sextet b-baryons from the dimension six operators are
collected in Tables 5.1-5.3. In addition to the tree-level contributions, we find the one-loop diagrams
in Fig. 5.1. In analogy to the neutron EDM, the EDMs of bottom baryons get contributions from
the cloud of Goldstone bosons dressing the baryons. For the qEDM and qCEDM operators the
meson-loops appear at higher order and only the tree-level diagrams are necessary. But for the 4q and
4qLR operators the loops appear at the same order and the LECs of the tree-level contributions absorb
the associated loop divergences.

We calculated the diagrams in Fig. 5.1 explicitly in heavy-baryon ChPT. We find that only diagrams
(b) and (c) contribute at the order we work. The other diagrams are proportional to S -v = 0, or
v - ¢ = 0, or mutually cancel. The contributions from the non-vanishing diagrams can be written as

) Ap. 9 o
D (61 )=— 2 ), dx MWJI(W’Mi)’
¢ o (5.31)

Ao ' x—-1 0
DY) = / dx =g (M), i=1,2,3,4.
e =t ) AT O D)

i

where J; is the loop function defined in App. C.3, w = —A for a sextet particle inside the loop, or

W = 0 for an anti-triplet particle. Furthermore, M, (x) = \/x(x - l)q2 +M 2 , with M; being M+ or
M _+. The coeflicients A b, and A, have to be determined from the vertices of the appearing interacting
Lagrangians. A lot of these coeﬂiments are similar to each other with some only differing by their
sign. Considering isospin symmetry this leads to additional cancellations when summing up the loop
contributions. We refrain from showing the full list of coefficients A, and A with their respective
M; here. The surviving terms together with their coefficients can be read off from the full form factor
results listed in App. C.1. The expressions for the complete form factors are given in App. C.1. Here,

Table 5.1: Tree-level contributions from the gEDM and qCEDM operators of the b-baryons. Loop diagrams
only appear at higher order.

Baryons qEDM qCEDM

Ag 4C1 —4€b19
= 4e, ~debyg
Eb 4C1 —4€(b16 + b19)
ZZ 2¢, 2e(by7 — by)
=0 2¢, —2eby,
2; 2C2 _2€(b17 + b20)
Eg’ 2¢, ~2eby,
QZ 2C2 —26([)17 + bzo)
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Table 5.2: Tree-level contribution from the 4q operators of the b-baryons. Loop diagrams appear at the same
order.

Baryons 4q
Ap ey, (1" = p®) = g + 1) + 20 (" = u® = 1°0)]
= Aefpy (W = 1) = py g + 1) + 2 (u” = p®” = 1°%)]
=y el + )W + i)+ 2+ g 4 ) = 2y’ — - )
5 del(y = s + g + 1 + 1) + gy (' = - 1)
b 2e[pp (1" = 1) = 151 + 1) + 200 (W = = 1]
z, —del(uyy + s + pis( + 1+ @) = i (0 = = )]
ch 2e[ppy(u” = 1) = pys(u® + 1) + 2010 (" = p® — 1°)]
Zp 2elu s+ 1)+ 20+ ™ ) = 24ty (1 = ™ — )]
Q, —4el(pyy + ,U15),USb + ﬂls(ﬂub + #db + ,USb) - ﬂ21(ﬂub - ,Udb - #Sb)]

Table 5.3: Tree-level contribution from 4qLR operators of the b-baryons. Loop diagrams appear at the same
order.

Baryons 4gLR
AY 4eRe(V, ) (vy) = vig + 2"
=0 b
=h 4eRe(V,,,) (V1) = vig + 2vp)V"
= —8eRe(V,,)(vi7 — vyp)V*”
T, 4eRe(V,,)(v1y = vis + vig + vy W
P 2eRe(V,;,)(v1g = V5 + 2vy W
%, —4eRe(V,,;,)(v1g = vy )V
E; 2eRe(V,,,)(v15 = V15 + 2vy W7
E, —4eRe(V,;,)(v1g = vy V"
Q, —4eRe(V,;,)(v1g = vy V"

we present the results for the EDMs. For the 4q operator we obtain

b sb
b db b db b db b ego ("’ + 11°7) o
d 4q=4e[un(u” — 1) = (P + 1) + 2y = P - )]+ Fy;

AD, 321’ F? M
b sb b . b b an s egaks(W 1) o)
d;‘;,,th =4de [uu(ﬂ” = 17) = (W + 1°7) + 200 (" = 7 = )] + ey v
T
AL g = - 4e[(uu + )W+ 1)+ 20+ 1+ 100 = 2pang (= = )

€8x Mg ub sby -(2) ub db~ -(2)
- —=— W+, + @+ u)F ,
3072 F,f ( My M,
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b b db sb b db sb
dgmq = de [(ﬂlZ — )+ g (W + 1+ 1)+ g (W7 = = )
€817

+
2,2
32n°F;

b sb 2 b db 2
W+ @ FG + @+ F

€82H3
167°F2

b db b db b db b
d’, g2 [ulz(u“ — 1) = s+ )+ 2y (W = = )]
b

b b 1 b db 1
W+’ )FLLHu” + )F,(WZr

’

ub sb ub sb
e + e +
LW ) by ek 1T L

64n’F2 Mx 2 F? M

db b,  db b b _  db b
d%;,th = —de [(/112 + )1+ (U + 1+ 187) = o (W = - )]

b db b db
_egipuy(W 4 ) @ _ egotg(W"” + 17)
3272 F2 Mz 167 F?

b b b b b db b
dflo4 =Ze[u12(u“ = 1) = pys (U + pf17) + 2ppy (7 = =y )]

=549

(1
FMn’

ub db ub db
+ +
+ eg s (p M )F(z) + egr g1 “) FO

64n°F2 Mz 32n°F2 Ma?

8,
|

db b b db b b db b
= —26[(u12+u15)(u + 1)+ 205 (U7 + T+ ™) = 2y (07 = i = )

€81
6472 F2

ub sb 2 ub db 2
(W + )Fz(wl"‘(# + )Ffwl

_ €8Hg

b by (1) b db~ (1)
oy (U + w2 Fyy + (W + ) Fy
T

’

b b db b b db b
diy. 44 = —46[(u12 + )+ g+ u ) = g (0 = 1 =’ )]

b b b b
_ e W A1) o) esams(WT ) L
2.2 My 22 Mg
32n°F; 1677 F;

(5.32)
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For the 4qLR operator we obtain

b
Y _ _ ub ERG(Vub)gz"_zVu (2)
dA%AqLR =4eRe(V,;,) (Vi = Viga + 2v)V " + 2 E Fyoo
b
% _ 3 up . eRe(Vp)govav™” o)
E%,4qLR = 4eRe(Vub)(V11 V14 + 2V20)V + 327T2F7% FMn’
b
y _ w _ Re(Vip)gvsv™ [ ) | L
dE{,,4qLR = — 8eRe(Vub)(V17 — Vzo)v - 32ﬂ2F2 FMK + FMn ,
T
b
dgz,thLR = 4eRe(V,,)(viy = vis + vig + vy V"
Re(V, v b eRe(V, yav'?
L ( ub)zglzZV (Fz(\? +F}S)) + ( ub)2g223 (FI(\/]I) +F]E/11) ),
32n°F; K g 167 F; K g
ub b
P — 2eRe(V, ) (v1y = v1s + 2vy W + eRe(V,,)81v2v FO L eRe(V,p)82v3v"” (1)
x),4qLR “ 64 F> Mg 32 F2 M
eRe(V,, )8 o) eRe(V)gavav™” 1)
d’ = —4eRe(V,,)(vig — vo WP — - F/ - = ,
% 4aLR ubZATIs A 320F M 1622 F2 M
b b
d’ = 2eRe(V,,)(v13 — vi5 + 2va WP + eRe(V,)81v2v" FO eRe(V,5)82v37" #
=5-44LR ! 64n’F2 M 2°F M
eRe(V,,)g1 v, 2) 2)
d, = —4eRe(V, ;) (vig — vy W' - ub (F( +F )
=/ 4qlR ( ub)( 18 21) 647T2F7% Mg M,
b
_ eRe(V,)8v30" (F(l) +F(1))
327°F? M " Mx )
eRe(V,)8172v"" o) eRe(Vp)2v3v” )
Al yon = —4eRe(V,,)(vg — vy W - u F® _ ub)82V3V._ p(1)
Q- 4alR ubATIS PF2 Mx 1672 F> My
(5.33)
where the loop functions are defined as
)
F) =1+327°L +2In =,
M, | 2A A A?
F$Y =1+327°L+2In |+ —ln[ﬁ 1= - 1],
” B YN 7 S I B
i (5.34)
M
FiY) =1+322°L +2In —K]
K A
A
M 2Aarcc0s[—]
Fip = 1+327°L+2in| =K | ¢ ———2
NP
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5.6 Patterns of EDMs

Before discussing the absolute sizes of the EDMs in the next section, we investigate the relative sizes
of the various EDMs. The relative sizes are essentially determined by the chiral symmetry properties
and field content of the underlying sources of CP violation. For instance, for the bottom qEDM at
the order at which we work, the EDMs of all baryons in the triplet or the sextet are determined by
a single LEC, ¢, and c,, in order. This pattern is different for the qCEDM where in the triplet dEZ,

is expected to be different from dzo = dzo . Similarly, in the sextet we obtain the relations for the
qCEDM dgi + dzz = Zd;0 , which al;e also tt7rue for the qgEDM, but dgi # d;r . These differences arise
because in order for the qCEDM to generate an EDM of a baryon, an insertion of the quark charge is
required. As such, EDMs of baryons with a single b quark but different charges differ for the qCEDM.
This is not true for the bottom qEDM as the operator already contains a photon.

A richer pattern emerges for the four-quark operators as here loop diagrams provide leading contri-
butions. For instance, for the 4gLR we observe that the tree-level contributions to the triplet and
sextet EDMs have an identical pattern as that of the qCEDM. Howeyver, the loop contributions induce
differences. In the triplet, loop contributions lead to a splitting in the EDMs of the neutral baryons
and dzo # d”, , because of the different Goldstone bosons participating in the loops. We find

b
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which is nonzero and finite, whereas for the qCEDM this combination vanishes. In the same
way, the degeneracy that is present for the qCEDM for the negatively charged sextet baryons is
broken by the 4qLR operator. To illustrate this, while for both the qCEDM and the 4qLF we have
dé,_ - (dyl; + dgl; )/2 = 0, only for the 4qLF dyz - d;yz; # 0 (and finite).

Firt;ally, for the 4q operators an even different pattern of EDMs arises depending on the flavor
configuration of the underlying operator. From Egs. (5.15) and (5.19) it is clear that the chiral
symmetry properties of ,u”b is identical to the 4qLR operator ~ v As such, for u“b the same
pattern of EDMs emerges as for the 4qLR and these sources cannot be separated from symmetry
arguments alone. Different patterns do emerge for ,udb and ,qu. For example, the splitting in the
triplet is different for ydb with respect to the 4qLR but this can probably only be used with additional
information on the LECs.

The above considerations indicate that the pattern of EDMs of bottom baryons provide information
about the source of CP violation. If experiments, for instance those proposed in Refs. [47-49], were to
see nonzero signals, this information could be used to pinpoint the underlying mechanism. Much
more could be said with nonperturbative information about the LECs appearing in the Lagrangians.
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5.7 How large are the EDMs?

To determine the sizes of the EDMs of bottom baryons as function of the various dimension-six Wilson
coefficients appearing in Eq. (5.1), estimates of the various LECs appearing in EDM expressions are
necessary. This requires non-perturbative QCD calculations of the associated matrix elements. While
a lot of progress has been made in this direction for EDMs of systems containing first-generation
quarks, see e.g. Ref. [222] for a recent review, as far as we know no calculations have been performed
for baryons containing heavier valence quarks. In this work, we estimate the contributions using
naive dimensional analysis (NDA), a technique discussed in detail in Refs. [197, 198] and used for
nucleon EDMs in Ref. [200]. While NDA does not give accurate predictions, it provides a reasonable
order-of-magnitude estimate for meson and single-baryon matrix elements and is the guiding principle
for a systematic power counting in effective field theories.

The EDMs of the bottom baryons under consideration depend, for each source of CP violation, on
several LECs. The easiest estimate are for the bottom EDM. NDA predicts

¢12=0(d,) = O (’"—g) , (5.36)
A

which is a rather intuitive result. The bottom quark EDM operator directly induces a bottom baryon

EDM up to order-one factors. The factors could be calculated with non-perturbative methods such as

lattice QCD or estimated using a quark model. For light quarks, for instance, lattice QCD predicts the

neutron EDM to be d,, = 0.82d,; — 0.21d,, [223] in agreement with NDA estimates.

Next, we consider the quark CEDM. In this case we need to estimate the LECs b¢-b,,. NDA predicts
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where we used 47F,; ~ A . The loop diagrams only contribute at next-to-next-to-leading order. It
would be interesting to compare these predictions with other estimates, for instance through QCD sum
rules.

For the four-quark operators we need to estimate both the tree-level LECs as well as the CP-odd
Goldstone boson-baryon interactions. For the 4g terms we obtain
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