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Abstract

We study the lowest-lying vector-meson interactions and dynamically generated bound states. Therefore,
these bound states are studied as hadronic molecules. We demonstrate that some unitarization methods
are not well-defined to study the pole structures of amplitudes in the region far from the threshold. We
employ an improved unitarization method based on a covariant formalization that is necessary to study
the pole structures of amplitudes in the region far from the threshold. In this work, first, we study the
analysis of the covariant pp scattering in a unitarized chiral theory and then extend it to the strange sector,
i.e. SU(3) chiral symmetry. We demonstrate that the on-shell factorization of the Bethe-Salpeter equation
is not suitable away from the threshold. Moreover, the left-hand cuts would overlap the right-hand cuts
for the coupled-channel unitarization of the Bethe-Salpeter equation. It makes unitarized amplitudes
non-analytical and the poles of amplitudes, associated to possible bound states or resonances, unreliable.
To avoid this difficulty, we employ the first iterated solution of the N/D method and investigate the
possible dynamically generated resonances and bound states. A comparison with the non-relativistic
calculation is provided as well.

il
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Preface

In the beginning of 1930s, the deuterium, and then the neutron were discovered. In 1935, Yukawa
proposed pions to explain nucleon-nucleon interactions in a field theoretical approach, via one pion
exchange. Even though this description is not the true microscopic picture of nature, Yukawa brought in
a new approach to particle physics which has evolved into many different effective field theories. Twelve
years later, in 1947, the pion was observed, and the kaon discovery followed it in the same year. Since
then, many more hadrons have been observed as higher energies were probed.

Starting with the discovery of kaons, particle physicists started to suspect the elementary nature of these
particles. This idea received increasing support as the hadron spectrum expanded. It was realized that
most of these hadrons are actually resonances and the first unified framework of hadrons, the quark model,
was proposed in 1964 by Gell-Mann and Zweig. After this, hadrons were not considered as elementary,
but as composite particles of quarks. An underlying theory of strong interactions was proposed ten years
later as a non-abelian gauge theory. However, the quark model, due to its simplicity, has always been
studied to understand the hadron spectrum. With the failure to explain the lowest-lying scalar nonet, Jaffe
proposed the tetraquark picture in 1977, which goes beyond the classical quark model. As the hadron
spectrum was investigated more, it has been realized that some hadrons cannot be explained by static
multi-quark states and were studied as colored diquark correlations or as dynamically generated hadronic
molecules.

The identification of the structure of a hadron state is not always straightforward. The analyses can
take years, which are conducted by many independent groups, as in the case of the o-(500) or A(1405).
There are several hadron states with open questions, and numerous research groups are debating about
their structures. Therefore, the study of the hadron spectrum is a rich field with intense ongoing research.
The chosen methods to study the open questions should be considered carefully since each method comes
with its limitations and drawbacks.

In this work, we study the low-energy dynamics of the lowest-lying vector-mesons and dynamically
generated hadronic molecules via their interactions. The study combines chiral perturbation theory
(ChPT), which is the effective field theory (EFT) of quantum chromodynamics (QCD) at low energies,
and the hidden gauge symmetry formalism to build an effective chiral Lagrangian to include vector-
mesons. To be able to study dynamically generated molecules, we need to employ a unitarization method
of scattering amplitudes. This leads to the chiral unitary approach, which allows us to study the structures
appearing via vector-meson vector-meson scattering processes, like bound states and resonances. By
using the chiral unitary approach, we are able to perform calculations which require only one free
parameter for each channel. Even though the chiral unitary approach allows us to study the energy
regimes and structures where the chiral effective Lagrangians by themselves are not applicable, it has
limitations. Therefore, while employing these methods and studying the dynamically generated bound
states and resonances, we scrutinize early works on the issue by accentuating those limitations.

In the first chapter of this work, we give a brief introduction on the basic ideas of quantum field theory
(QFT) and QCD, the QFT of strong interactions. In particular, we study the symmetry properties of
its Lagrangian, how one of these symmetries, the chiral symmetry is spontaneously broken and the



Contents

consequences of this symmetry breaking. In the second chapter, we study how to build a low energy
effective theory of QCD, ChPT, based on the dynamics of chiral symmetry breaking. We need this new
scheme besides QCD since perturbative methods are not applicable in the low-energy regime of this
theory. At the end of the second chapter, a chiral Lagrangian is studied to include vector-mesons by using
the hidden local gauge formalism based on the ideas of EFTs. In the next chapter, we study properties of
the S -matrix theory such as unitarity and causality to understand the pole structures in strong interaction
amplitudes. The consequences of these properties are then applied to unitarize scattering amplitudes
obtained from the chiral effective Lagrangian. Moreover, we briefly explain a few unitarization methods
to understand the limitations of each method by going over the assumptions and the simplifications of
each method.

The last chapter of this work is dedicated to covariant scattering calculations of S U(2) and S U(3)
sectors of vector-meson interactions. First, we use the on-shell factorization method of the Bethe-Salpeter
equation, and its limitations are examined. It is shown that this method violates analytic properties of the
scattering amplitude far away from the threshold of the interactions and results are unreliable. Hence, we
employ a more general method, the N/D method. We get the correct analytic properties for scattering
amplitudes and investigate the possibility of dynamically generated resonances and bound states in each
partial wave channel. Finally, these results are compared to the non-relativistic calculations.

Most of the content of this thesis has been published in

1. D. Giilmez, U.-G. Meiliner and J.A. Oller, A chiral Covariant approach to pp scattering,
Eur.Phys.J. C 77 (2017) no.7, 460 [arXiv:1611.00168]

2. M.-L Du, F.-K. Guo, D. Giilmez, U.-G. Meifiner, Q. Wang, Covariant vector-meson vector-meson
interactions and dynamically generated resonances,
In preparation for publication



CHAPTER 1

Introduction

The Standard Model explains the strong and electroweak interactions of elementary particles. Before
the discovery of the Higgs boson, the validity of the Standard Model was thought to be up to around
1 TeV. With the discovery of the Higgs boson, the range of validity has potentially increased to far above
that limit. The theory has demonstrated its predictive power and precision, and it explains nearly all
the data in Particle Data Group book (PDG) [1]. It predicted the Higgs, W, and Z bosons, the top and
charm quarks, and the gluon before they had been observed. Other major examples of its prediction and
precision are the anomalous magnetic moment of the electron and muon, and the mass of the Z boson.

Albeit its success, there are pending problems which the Standard Model is unable to answer. Some
of these problems are, for instance, its 26 unexplained free parameters ! which demand a deeper
understanding of nature, the hierarchy problem (it is open to debate if this is a problem at all), dark energy
and dark matter, and gravity (the Standard Model is constructed with flat spacetime). Thus, there is a
need for a more general theory but we already know that to study low-energy scale physics of particles
(low with respect to the Planck scale, Apy,, = 10" GeV) any theory can be realized as a QFT since
quantum phenomena at these scales can be understood in terms of a quantum field theory [3].

Given that the Standard Model examines the low-energy scale with respect to the Planck scale, it is
also a QFT. Any QFT needs to satisfy Lorentz invariance (causality), unitarity and cluster decomposition.
A QFT has to be gauge invariant. Otherwise, a massless spin-1 particle violates Lorentz invariance due to
the coupling of these fields [4]. The gauge symmetry of the Standard model is SU(3)® SU(2) ® U(1),
which is spontaneously broken by the Higgs field. Another important property of the Standard Model is
its renormalizability at the scale at which it works very well. The model gets its predictive power from
this property, since a renormalizable QFT depends on a finite number of parameters and renormalization
provides a systematic approach of the theory for higher energy scale physics, such that we can assign a
cutoff A for new physical phenomena to occur and effects of these phenomena are suppressed by orders
of 1/A below the cutoff region.

The Standard Model is expressed in the Lagrangian formalism like any other QFT, since symmetries
are manifest in the Lagrangian formalism. The degrees of freedom of the theory are various fundamental
fields. The variety of those fields is not explained in the theory and excitations of these fields are
considered as elementary particles. There are no reasons to consider these particles as composite particles
at the energy scale of the Standard Model since there is no experimental evidence of it.

'These are the electromagnetic coupling constant, strong coupling constant, 9 Yukawa coupling constants, Higgs potential
coupling constant (or the Higgs mass), the Weinberg angle, the electroweak symmetry breaking scale, the three mixing angles
and the CP-violating phase of the Cabbibo-Kobayashi-Maskawa (CKM) matrix, the strong CP-violating factor, three neutrino
masses, the three mixing angles and the CP-violating phase of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, for
further details see [2].



Chapter 1 Introduction

The particle spectrum of the Standard Model includes quarks (u, d, s, ¢, b, t) and leptons (e, u, 7, v, Vi V),
the fermionic content of matter which obey Fermi-Dirac statistics with half integer spins, and bosons
(H,W*,Z,v), obeying Bose-Einstein statistics with integer spins. The charged leptons (e, i, 7) and
quarks interact electromagnetically via its force mediator, the photon (). All leptons interact weakly
via the W* and Z bosons. These two forces are unified in the Standard Model as the electroweak force
with the symmetry group SU(2) ® U(1). In addition to their electric charge, quarks also carry color
charge. As a consequence, they interact strongly via gluons. Unlike photons, gluons carry charge, the
color charge. Thus, they can interact amongst themselves. This property makes their symmetry group
non-commutative. Therefore, strong interactions, with the gauge group S U(3), is a non-abelian gauge
theory called Quantum ChromoDynamics (QCD).

In this work, we work with hadrons (composite particles made of quarks) and their strong interactions
at energies of the order GeV, to be called the low-energy regime from now on. Except conformal field
theories, all field theories have running coupling constants, meaning their values change with respect
to the energy scale. At the order of one GeV, the interactions of hadrons are dominated by the strong
interaction. Accordingly, we take into account solely the QCD part of the Standard Model. However,
QCD is non-perturbative in this region. Non-perturbative theories are still unsolvable analytically and
different methods have been developed to understand the nature of QCD in this energy regime.

The main numerical approach is lattice QCD, where QCD is solved numerically in a discretized
spacetime lattice and the required entities are calculated numerically, and then the zero lattice spacing
limit is taken [5—8]. There are other approaches like holographic models [9-12].

The most successful/commonly used analytic method is to exploit the symmetry properties of the
theory in the low-energy regime, and some EFTs can be built using these properties. These EFTs make
it possible to use perturbation theory to perform calculations of hadronic interactions at that energy
regime by using hadrons as the degrees of freedom instead of the degrees of freedom of QCD, quarks
and gluons [13-19].

With the development of EFTs, many properties of low-energy hadronic interactions are now un-
derstood and many predictions have been made regarding their properties and hadronic spectrum. As
its usefulness has been revealed, the method is now applied to other energy regimes. Hence, new
phenomenological Lagrangians have been constructed to study new degrees of freedoms.

In the rest of this chapter, we give a brief introduction to QCD and its low-energy regime properties.
The units and conventions used in this work can be found in Appendix A.

1.1 QCD

Quarks

QCD is built on the idea that quarks are the fundamental particles, not hadrons. Whether they are real
objects or not was still open to debate in the beginning of the 1970s 2, By then, the idea of quarks was
prevalent but there were also theories which studied hadrons independent of any QFT scheme. It is not
clear who proposed the idea of quarks first [20], but it is officially accepted that they are envisioned
by Gell-Mann and Zweig [22, 23]. The conclusive experimental result was announced by the SLAC
collaboration with their experiment on the deep inelastic scattering of leptons on nucleons [24]. The
properties of the six known quarks are shown in Table 1.1.

Since the top quark has an extremely short lifetime (0(10_25 ) s) it decays to another quark (mostly to
the b—quark) before it can hadronize. Therefore, it is not considered in this work. Moreover, this work

2For a brief overview of that period [20] and for a detailed one [21].



1.1 QCD

Mass [MeV] | Charge [e] | Isospin | Strangeness
u 22508 2/3 1/2 0
d| 470 -1/3 1/2 0
s 96" -1/3 0 1
c 1280 + 30 2/3 0 0
b | 4180730 +40 | -1/3 0 0
t | 173210 £ 510 2/3 0 0

Table 1.1: Properties of quarks [1].°

is focused on the low-energy regime of QCD, around 1 GeV. Hence, the ¢c— and b—quarks are not of
interest in this work as well. On the other hand, the u—, d—, and s—quarks have much lower mass values
with respect to the GeV scale. Therefore, we will be dealing with only these three flavors which are
categorized as light quarks. Decoupling of the heavy quarks from QCD is mentioned in Section 2.1.1.

Color

There are two types of hadrons; mesons and baryons. Mesons are gg states (bosonic) whereas baryons
are gqq states (fermionic) (There are also exotic states like tetraquark and pentaquark hadrons 4 [26-30])).
Quark spin alignment of baryons has two possibilities: spin 1/2 and spin 3/2. Spin 1/2 formation is an
anti-symmetric formation whereas 3/2 is symmetric. Moreover, the three quark state of baryons includes
space and flavor states which are symmetric. As a result, spin 3/2 baryons (historically, the A was the first
of these) are totally symmetric. Fermions have anti-symmetric ground states since they obey Fermi-Dirac
statistics. Hence, a spin 3/2 totally symmetric wave function is contradictory. This problem was named
as the spin-statistics problem and it was resolved with introduction of a new quantum number, the color
charge.

This new quantum number is not an observable, thus hadrons must be color neutral, *colorless’. For
mesons, gg states, it is easy to obtain colorless states just by assigning opposite charges to them, like
red and anti-red. The same is not the case for baryons. To obtain a color neutral state for a three quark
state, there should be three different color quantum numbers (red, green and blue). The combination of
red, green, and blue gives a colorless state similar to the red and anti-red combination. Hence, it is only
possible to obtain an anti-symmetric ground state for baryons with spin 3/2 with three color charges.

Although, the spin statistics problem was not the only problem indicating a new quantum number.
QCD was found to be renormalizable only if there are three differently charged quarks. Otherwise,
some gauge anomalies occur [31]. Hadronic 7 decays also give clear evidence of three different color
charges [32]. The observed rate of the n° decay to two photons can only be explained if there are three
species of quarkss, and there are more examples to be found in the literature [32, 34].

Asymptotic Freedom

Despite deep inelastic scattering of leptons off nucleons leading the way to quarks, an unexpected result
was discovered [24]. At large momentum transfer, nucleons turn out to have a noninteracting internal
structure. This result indicated that the nucleon structure consists of Feynman’s partons [35]. This

3The quark masses are scheme- and scale-dependent, see [1] and the discussion therein [25].

*There is no restriction in adding more quarks to the theory as long as the wave-function symmetries are respected.

>In the first calculation of this decay, protons and neutrons were used [33]. Because, it was done before the discovery of
quarks. Therefore, the result was in agreement with the experiment without the knowledge of number of color charges.
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structure turned out to be quarks and the short distance behaviour of quarks was later explained via
asymptotic freedom [36, 37]. It simply dictates that as the energy scale increases, interactions of particles
weaken in an asymptotically free theory. As a result of this, we can conclude that the QCD coupling
constant is also a running coupling constant like in QED, but in the opposite direction. In QED, the
interaction or the effective charge of the particle increases with energy due to a phenomenon called
charge screening whereas in QCD the coupling constant decreases as energy increases.

To understand this concept, consider the running coupling constant of any gauge coupling up to leading
order (in the perturbative energy regime):

a (1)

Bo_ 2 2,2
I+ 2o, In Q%

(0% = (1.1)

where « is the running coupling constant, Q is the energy scale, and u is the renormalization scale. Here,
B, characterizes the interaction. If it has a negative value, the gauge theory is like QED, it is infrared (IR)
stable. If it has a positive value, as Q2 increases a/s(Qz) approaches to zero, it is ultraviolet (UV) stable.
This is to say it is an asymptotically free theory. This difference between QED and QCD is due to the
fact that, the photon does not have any electric charge whereas the gluon has color charge. Therefore,
gluons can interact with one another. Before the Nobel prized publications of Politzer and, Gross and
Wilczek [36, 37] %, it was thought that no quantum field theory could be asymptotically free [39].

In perturbative QCD, the coupling constant varies with the energy scale u as in eq. (1.1). For
calculations in the perturbative regime, we need to choose a convenient energy regime and deduce the
coupling constant value in that regime. One way to do this is to set u = m%. There is another way in
which a dimensionful parameter is introduced via

In= = — _—, 1.2
! A? ,(0%) BX) (1.2

which shows the divergence scale of the coupling outside the perturbative energy regime. It is found
to be around A = 200 MeV which implies that perturbative method is not valid for QCD at scales
of O ~ 1 GeV [40]. Confinement, chiral symmetry breaking and hadronization occurs in this region.
Therefore, we need different methods in the low-energy regime of QCD to understand these problems.

Confinement

There is one more significant characteristic of QCD, which is confinement of quarks and gluons. It
dictates that there can be no colorful state. To put it in another way, quarks cannot be observed freely but
only in bound states. Color is a gauge degree of freedom, therefore it cannot be understood experimentally
(since it cannot be observed), hence it should be analyzed analytically. Although confinement lacks an
analytical proof until now, it can be understood partially by considering two static quarks (test charges)
with a gauge field (a gluon) connecting them so that the system is gauge invariant. When the total energy
of the state is calculated with respect to the distance between the quarks, it has the form [40]:

V(r) = a+ba/r+or+03F?), (1.3)

where a and b are real constants and o behaves like a string tension. The Coulomb potential like term
behaves as in QED, so to say as in a perturbative theory. However, the perturbative region of QCD exhibits

SWe should emphasize the work of "t Hooft here as well [38].
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asymptotic freedom, so it consists of hadrons. On the other hand, confinement is a non-perturbative
phenomenon. The term linear in r has a string-like behaviour since it leads to an increase in energy as
the distance between a quark and an antiquark pair increases. At some point (depending on the value of
o), the potential energy of the pair will be so large that another pair of quark and antiquark is created,
forming a new pair of bound state with the initial quarks. QCD string tension, o ~ 400 MeV [41], makes
it impossible to observe a single quark or gluon but only a colorless bound state.

1.1.1 QCD Lagrangian
Gauge Invariance

To have a gauge invariant QCD let us start with a massive free quark Lagrangian:

Loy = Y(x)idy(x) = mp(x)P(x). (1.4)

This Lagrangian is invariant under the global U(1) phase transformation’

Y(x) = ' (x) = e PP (x). (1.5)

Here, Q and € are real constants. To check whether this transformation is same at different points of
spacetime, let € = e€(x). It is obvious that the mass term is still invariant whereas the kinetic term
transforms as

A W(x) = e, - 08, ()N (x). (1.6)

Hence, it is not invariant. As a result, the phase should be global and not local to preserve invariance.
A spin-1 field A, and a covariant derivative D, have to be introduced if local invariance and the gauge
invariance is insisted. The form of the covariant derivative is:

D, (x) = (9, +iQA, ()Y (x). (1.7)

The newly introduced objects transform under the local transformation as:
Ax) - A;(x) =A,(x)+0,ex), (1.8)
D(x) — (D) (x)=e "Dy, (1.9)

As aresult, demanding local U(1) transformation invariance (gauge invariance) has generated a vector
field-spinor field interaction in the Lagrangian:

L=y —my(x) = Ly — QA ()P(x)y ' ¥(x). (1.10)

To explain the dynamics of the vector field Lagrangian needs a vector propagation term. A mass term
cannot be assigned to this vector field since m%,A ﬂA“ is not gauge invariant. Introducing a kinetic term
and using the gauge invariant field strength tensor (the gauge must be fixed, for details see [4, 31])

F, =9d,A, -9,A,, the full Lagrangian gets the form:

L= gD - mup(x) - }LF’”F#V. (1.11)

This is the form of a general gauge invariant Lagrangian with one fermion and one gauge field.

"The transformation has an exponential form since they are unitary, U'U = I.
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QCD Lagrangian

The free quark Lagrangian with three flavors (f) and each flavor with three colors (i) has a very similar
form like the one in eq. (1.4)
Ly =q; ,(id — My Mg s (1.12)

where repeated indices are summed over and spacetime dependence is not stated.

If we study global transformations which leave quark fields invariant, we end up with S U(3) transform-
ations. This corresponds to eight independent transformations of S U(3). The S U(3) group elements and
properties can be found in Appendix B.1. The main difference between U(1) and S U(3) transformations
occurs when gauge invariance is demanded. The details of sustaining gauge invariance in S U(3) and
gauge fixing procedure are studied in Appendix B.2. The gauge invariant QCD Lagrangian has the form
(before gauge fixing):

Here, () refers to the trace and F*"" has the form as in eq. (B.12).

Any QFT (localized Lorentz invariant gauge theories) should conserve CPT(Charge-Parity-Time)
symmetry which is the combination of the discrete symmetries together. QCD, eq. (1.13), conserves, in
addition to the local gauge symmetry (which ensures renormalizability of QCD), each discrete symmetry
C, P, and T separately.

Strong CP problem

There is an omitted gauge invariant term in eq. (1.13) which violates CP invariance,

2
£y= 2L embpip (1.14)

647
where € is the Levi-Civita tensor, g is the strong coupling constant and 6 is the chiral phase or field
mixing angle. This term is the analog of E - B interaction in QED and appears due to the non-trivial
vacuum structure of QCD. This term violates the CP symmetry/T symmetry but this violation has never
been observed in strong interaction experiments. The current limit on 8 is 8 < 7.4 X 107! [42], which is
obtained by using the experimental limit on the electric dipole moment of the neutron [43]. The question,
“Why 6 has such a small value?” leads to the strong CP problem. The value can be set to zero directly,
however if we require real mass terms in the Standard Model, this term can be regenerated via weak
interactions. There are different solutions to the strong CP problem. One of them is the Peccei-Quinn
theory, where 6 is a scalar field called axion [44], and for another solution which does not introduce a
new particle can be checked in [45]. Since this term can be written as a total divergence, it is absent from
the Feynman rules in the context of perturbative QCDS. In this work, the experimental limit on 6 ensures

us that it can be neglectedg.

1.1.2 Chiral Symmetry in QCD

We have already stated that QCD has a gauge symmetry with gauge group S U(3),. and it is invariant
under parity transformations. If we ignore the 6 term which has never been observed in experiments, it is

8In the case of non-Abelian theories, there are finite action configurations which does not allow the surface term to be
neglected. These terms are called instantons and 6 term can cause physical effects due to instantons [46].
°For a study of finite 6 dependence of resonances, see [47]
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invariant under CP transformations as well. Therefore, it is also invariant under T symmetry (due to the
CPT theorem). Moreover, there are some approximate symmetries of the QCD Lagrangian which can
be exploited and they turn out to be beneficial. We will take into account chiral symmetry which has a
crucial role in this work.

Let us consider only the kinetic terms of eq. (1.13):
1 P j
Linetie = =5 F} Fyy + 8 (iD;)q ;- (1.15)

Using the projection operators Pg,; = %(1 +7s), the right- and left-handed quark fields (chiral components)
can be defined as:

1
qr/L = 5(1 £Y5)q- (1.16)

Eq. (1.15) can be written as (color indices and quark independent parts are dropped):

Lq,kinetic = Qf,L(ilD)Qf,L + qf,R(im)Qf,R . (1.17)

It can be seen that this Lagrangian does not have a term which mixes the flavors (the covariant derivative
is flavor independent) or left- and right-handed quarks. Therefore, the independent transformations
R, L of right- and left-handed quark fields gg,;, — R/Lqg;;, leave L yieic invariant. Hence, there
exists a global transformation for each flavor. The symmetry group of the left- and right-handed quark
transformations (chiral transformations) is U(3); ® U(3)g. It is already stated that the masses of light
quarks and heavy quarks have a big scale difference. Moreover, heavy quarks can be integrated out in the
low-energy regions. Hence, let us just consider the light quarks as massless (chiral limit);

m,=my;=m;,=0 & m.=my=m,=00. (1.18)
Therefore, the symmetry of eq. (1.17) takes the form:
SUB),@SUB)r@U),®U(l),. (1.19)

SU@3); ® SU(3) is called the chiral symmetry group.

When there is an exact global symmetry of a Lagrangian, due to Noether’s theorem, there should
be a conserved current (6,1J” = 0) where the charge (Q) of that current is conserved (dQ/dt = 0), e.g.,
translation symmetry in time and space refers to energy-momentum conservation. We consider Noether’s
theorem briefly in appendix C.1

When Noether’s theorem is applied, the conserved currents of the chiral symmetry are

_al _al
LZ: Z CILE?’,/IIJ RZ: Z ‘IR?%;‘IR’ (1.20)
q=u,d,s q=u,d,s

with the corresponding conserved charges Q7 and Q. These currents can be rewritten as

A A
Vy=R,+L, :Qy#?“q . A =R, -L, :Qyﬂysiaq (1.21)
FVE=0 ,  PAC=0 (1.22)
P P
oy — Qv . 0i— -0 (1.23)
parity
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Eq. (1.22) is briefly explained in appendix C.1.1.
There is also the singlet part of chiral symmetry which occurs under the same phase transformation for
all left/right handed quarks:

V{f =Y ar + Y 'a = a'q . Aﬁ = qrY'qr — 47" = @"vs4 (1.24)
V=0, a,Ap # 0. (1.25)

Here, the conserved charge of Vg is the baryon number. A’é is only conserved in the classical theory. Thus,
U(1), is not an actual symmetry of the theory. The symmetry is broken due to an anomaly appearing in
the quantizaton process [31]. Anomalies are beyond the scope of this work. For a detailed discussion, the
interested reader can refer to [19, 34] and references therein. As a result, the symmetry is reduced to

SUB), ®SUB)R® U, . (1.26)

When QCD is considered with the assumption in eq. (1.18), we realize that there is only one parameter
in the Lagrangian. It is the coupling strength of a quark, g. Since g2 oc In (rAQCD)_l, there are no free
dimensionless parameters, which makes the assumption very powerful.

1.1.3 Spontaneous Symmetry Breaking

Consider egs. (1.22), (1.23). Since the corresponding charges are conserved, they commute with the
Hamiltonian.

H i oepl) = ElY),
Ovly) =Ely) , Q) =EW). (1.27)

Therefore, chiral symmetry leads to bound states with opposite parity but same mass. This is not observed
in the hadron spectrum. For example, the parity partner of the nucleon (my ~ 940 MeV) is N(1535).
According to chiral symmetry they should have the same mass whereas in reality N(1535) is much heavier.
The resolution to this problem comes with the realization of the spontaneous breaking of chiral symmetry,
which was explained by Nambu and Goldstone [48, 49]. We briefly study symmetry realization in QCD
and spontaneous symmetry breaking in appendix C.2.2.

For spontaneous symmetry breaking to occur, a continuous symmetry should be realized in the
Lagrangian of a theory. However, the symmetry is not shared by the vacuum or the particle spectrum of
the theory (like in chiral symmetry of QCD). Therefore, the chiral symmetry of the Hamiltonian should
not be a symmetry of the vacuum:

Oyl0) =0, Q4l0)#0. (1.28)

The reason for the axial charge to be non-invariant is the Wafa-Witten theorem [50]. This theorem states
that there is no spontaneous parity breaking in theories with vector-like fermions (fermions that transform
in the same way under L and R). Thence, the lowest energy state of a gauge theory is invariant only
under the vector charges. The lowest energy state that QCD forms is quark condensate, (0|g¢|0). This
condensate mixes the opposite handed quark fields in the following way

(01Gql0) = (01, qx + Grqr]0)"'= (Oliul0) = (0IddI0) = (0[3s0) (1.29)

Mixing of left- and right-handed quarks breaks the chiral symmetry of QCD. The spontaneous symmetry

10



1.1 QCD

breaking of QCD has no analytical proof in QCD itself, but both phenomenology and Lattice QCD
confirms it. Eq. (1.29) in the chiral limit shows that massless QCD is flavor blind'©. Therefore, the vector
part is left as a symmetry of the theory whereas the axial symmetry is broken.

Goldstone’s theorem states that if a symmetry is spontaneously broken, there will be massless, spin
0 particles (Nambu-Goldstone bosons), corresponding to the generators of the spontaneously broken
symmetry. This can be understood in a brief explanation as follows: Since chiral symmetry is a continuous
symmetry of the QCD Lagrangian, the corresponding charge should be conserved, [H, Qi,, 4] = 0, where
i corresponds to each generator of the symmetry in consideration. The axial part of chiral symmetry
is spontaneously broken. Thus, the axial current creates eight degenerate states " from the vacuum:
0,10y = |¢). Using [H, Q'] = 0, we get:

Hip) = HQ}I0) = Q) H|0) = 0. (1.30)

Therefore, these degenerate states, |¢), are massless pseudoscalars (since they are created via axial charge)
and there are 8 of them. They are called Nambu-Goldstone bosons.
As a result, when chiral symmetry is spontaneously broken, the symmetry is reduced to:

SUB)yU)y (1.31)

and there are eight pseudoscalar Goldstone bosons. In the QCD particle spectrum, lightest octet of
hadrons are pseudoscalars (", 7r0, K=, KO, I_(O, 1), corresponding to the Goldstone bosons indeed (in case
of taking only u and d quarks (S U(2)) in the chiral limit there are 3 Goldstone bosons which are «
multiplet).

However, these eight pseudoscalar mesons are not massless in nature. Chiral symmetry only reveals
itself in the massless quark limit, hence it is not an exact symmetry of nature. When quark masses are
considered, chiral symmetry is explicitly broken and pseudoscalar mesons become massive.

1.1.4 Quarks with Mass and Explicit Symmetry Breaking

When Lp is considered under chiral rotations, the mass term breaks this invariance by mixing left-
and right-handed fields:

Ly, =mprrasL +ar1958)- (1.32)

When the quark mass matrix (M = diag(m,, m,, my)) is introduced, vector and axial currents are no
longer conserved:
. . . 1
9,V = %E](M/l — Mg = %E][M, Ag, 3,4 = éq(/m +AM)q = SiIM, g (1.33)
9, Vg =0, BHA’S = 2igMysq + anomaly term . (1.34)

When quark masses are considered, we can see that the U(1), symmetry is broken even if the anomaly is
not considered. All quark masses are different from each other. Therefore, only the diagonal currents
are conserved since mass matrix is also diagonal. Therefore, U(1),, symmetry, Vg = gy"q is the only
symmetry which survives. Moreover, each individual flavor current is also conserved, e.g. iy, u,...

'"The vacuum of QCD should preserve main symmetries of QCD, like Lorentz invariance, parity, etc. Hence, only scalar
operators can lead to vacuum expectation values which are not zero. Moreover, the vacuum expectation value of an operator can
be non zero only if it commutes with the Hamiltonian. As a result, there is only one option left, the quark condensate.

" Any S U(N) theory has N* — 1 generators.

11



Chapter 1 Introduction

Even though quarks are massive, their values are small (we consider only light quarks). Hence explicit
symmetry breaking is small and can be treated perturbatively. Thus, how much it deviates from the exact
symmetry is proportional to the masses of quarks. For simplicity, let us consider two flavors, u and d:

L, = m,iiu+ mdc?d = %[(mu + my) (i + dd) + (m, — my)(iu — dd)], (1.35)

where gq = Grq; + G;qr- The first term does not lead to isospin breaking since the mass matrix is
diagonal whereas the second term breaks the isospin symmetry. Since up and down quark masses are
very close to each other, the mass difference term is very small with respect to the scale. Therefore,
these quark masses can be assumed to be equal. In this case, the second term gives zero and the isospin
breaking is avoided.

In case of three flavors, m; — m, term appears with the relation (m, — m;) > (m; — m,). However, this
difference can also be considered as small with respect to the energy scale in consideration. Therefore,
we can take all three quark masses to be equal. So, if only m, = m, is assumed, it is the isospin S U(2)
symmetry and the symmetry is reduced to:

SUB), ®U(l)y, — SUR)® U(l), ® U(1). (1.36)

The last U(1) is responsible for the strangeness conservation. If all three flavors are considered to be
equal, m, = m; = mg, it is called S U(3) flavor symmetry:

SUB)®U)y . (1.37)

This symmetry is evidently approximate, since in the particle spectrum we have singlets, octets and
decouplets. These groups of particles are the representation of the S U(3) group where zero mass
degeneracy is broken with respect to quark mass differences.

Gell-Mann-Oakes-Renner Relation

The chiral condensate is renormalization group dependent; hence it is not an observable quantity. On the
other hand m(gq) is independent of the renormalization group, so it is a physical quantity. We can relate
this quantity with the scaling of the pion mass via Gell-Mann-Oakes-Renner (GMOR) relation which can
be derived from eq. (1.42):

2+ mg)0lgqi0) , (1.38)

/g f02
where f;, is called the pion decay constant. It is determined experimentally, via pion weak decay to leptons
and their neutrinos, to be f, ~ 92.1 MeV [1]. Here, we have to be careful. If quarks are considered
to be massless or different from their real value, the experimental value would be different from the
theoretical value. That is why we have f; instead of £ in eq. (1.38). This issue will be discussed later in
section 2.2.3. Eq. (1.38) states that the squared Goldstone mass is proportional to the quark condensate
when there is no exact chiral symmetry.

Partially Conserved Axial-Vector Current (PCAC)

One of the consequences of spontaneous symmetry breaking is that for each generator of the broken
symmetry group, there is a Goldstone boson (r):

(017, (0)lm) # 0. (1.39)
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1.1 QCD

That means, Goldstone bosons couple with the vacuum through the current of the spontaneously broken
symmetry since their quantum numbers are identical. The corresponding spontaneously broken current
in chiral QCD is the axial vector current A, :

(014, (O)lr(p)) # 0. (1.40)

Moreover, the Goldstone theorem indicates that Goldstone fields have only derivative couplings. There-
fore, they have zero scattering amplitudes for zero momenta. These are all contained in:

OIALO)my(p)) = ie™ P 65 p fy (1.41)

This equation tells us that f, represents the strength of a Goldstone boson decay via axial vector current.
Taking the divergence of eq. (1.41) yields:

(01" AL(O)my (p)) = iSm £ - (1.42)

We already stated that in the chiral limit quarks have no mass and the axial vector current is conserved.
This statement can be realized first in eq. (1.38), which lets m,_ = 0, and then for that value, eq. (1.42)
shows the conservation of the axial current. Moreover, eq. (1.42) says that & A, and 7 correspond to the
same field (to be discussed in Section 2.2.2). This refers to partially conserved axial current (PCAC)
which says that in the limit of small momenta, one particle singularities dominate the interaction [51].
Let us clarify this statement with an example. In the chiral limit, aﬂA” = 0 and m, = 0. Therefore,

ip*(0lAL(0)lm,(p)) = 0. (1.43)

Consider the amplitude M" = (ﬂ“(ql)nb(qz)nc(%)lAg(x)lO) in the chiral limit. The second vertex of
diagram, fig.1.1(b), can be considered as nr scattering, 7(q,, ¢», g3, q). Therefore,

iM' = iR + iq“@iT(ql,qz,%,q)- (1.44)
q

Since axial current is conserved, (%M” = 0. Hence, qﬂM” = 0. This implies:

lim g M = lim R* - lim f,T(q;. 42, 43, 9)- (1.45)
q—0 q—0 q—0

Since the left hand side is zero, T(q;, ¢,,43,q) = 0 when R" is assumed to include no singularities 12,
As a result, at vanishing momenta, Goldstone bosons do not interact as stated in the Goldstone theorem.
However, since chiral symmetry is not exact, there will be corrections of order q2 = m,zr when quarks are
massive.

_q
_ O _ !
-~ -~
~AANNNAA~ K — — - (, AN, — — K — — -
q > q q S
~q, et
(a) diagram with no singularities. (b) diagram with a Goldstone boson exchange.

Figure 1.1: Axial current to 37 coupling

"In reality, this term has multi-pion exchange singularities or includes resonances with mass.
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It is said that one particle singularities dominate over the rest (R) with respect to PCAC which can
be seen from eq. (1.45). In this case, f; becomes a characteristic property of low-energy interactions
of Goldstone bosons. It represents the low-energy scale. Since that term dominates in low-energy
interactions, T(q;, g5, g3, q) can be expanded in terms of Goldstone boson momenta. However, the
exchange of Goldstone bosons can create singularities due to poles, e.g., four point function with pion
exchange. Even though the expansion in terms of momenta would fail (starting at zero momentum limit
for a massless theory), these singularities are considered to be of higher orders of the expansion due
to PCAC. They appear in loop diagrams and are called chiral logs. These logarithms occur since pion
exchange is a long-range interaction in chiral limit.

An important conclusion of PCAC is that the interaction of Goldstone bosons at low energies is weak
whereas it is the opposite for quarks and gluons. Therefore, these interactions can be treated perturbatively
unlike in QCD. we can set a framework where quarks and gluons are exchanged with Goldstone bosons
as degrees of freedom to make use of perturbation theory. Theories with this framework are called
effective field theories and with a careful treatment they can represent the main theory in a certain energy
regime. In the next chapter we discuss properties of EFTs, and their equivalence with the underlying
theory in a certain regime within the framework of chiral effective theory.

14



CHAPTER 2

Chiral Effective Field Theory

As mentioned already, the low-energy regime of QCD (approximately below 1 GeV) is non-perturbative
due to the large value of the running coupling constant (eq. (1.1)). Therefore, we need a different
framework which is in agreement with the symmetry principles of QCD. Phenomenological methods
were used even before the QCD era to understand the spontaneous chiral symmetry breaking of strong
interactions [51]. In the language of field theory, the leading order results for the low-energy regime of
QCD (e.g. scattering of pions) were already known in the late sixties (phenomenological models and
current algebra method). The first systematic treatment of these phenomenological models was discussed
by Weinberg [13]. In this work, it was clarified how to calculate corrections to the leading order and
how these corrections can be classified to be suppressed at each order. This scheme was applied to the
low-energy regime of QCD and a systematic order by order calculation (with additionally introduced
coupling constants) was first introduced by Gasser and Leutwyler for S U(2) and for S U(3) respectively
in [14, 15].

Loop calculations which are divergent take place in the systematic expansion. Hence, a sound
regularization is demanded as well. To achieve this and for robust phenomenological applications, the
values of the introduced coupling constants should be known accurately. However, these constants
should be determined for the energy regime where QCD is not perturbative. As a result, they should be
determined from a different approach.

There are different methods to understand the low-energy behaviour of QCD. A few of them are chiral
effective field theories [16, 19, 52-54], sum rules [55-57], dispersion relations [58], Dyson-Schwinger
equations [59-61] as analytic approaches and lattice QCD [11, 62, 63] as a numerical method to solve
QCD Lagrangian directly. Each of them has its own strengths and weaknesses. However, chiral effective
Lagrangians and lattice QCD are the most commonly used ones. Some of them also offer a scheme to
relate nuclear physics with QCD [64-66].

In this work, we will be using low-energy effective field theory of QCD, chiral perturbation theory
(ChPT). The operators, respecting the symmetries of QCD, can be included in the action and this can be
done in a systematic way in terms of perturbation theory. Therefore, we expect ChPT to describe strong
interaction phenomena in the low-energy regime. Since these effective theories are limited to a certain
range of energies and calculations are needed up to a few perturbative orders, they are less restricted in
terms of renormalizability. Hence, already mentioned additional parameters are needed to be introduced
at each order which need to be fixed. These constants play a free parameter role in the effective theory
and they are most likely fixed by an experiment or by lattice simulations [67].
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Chapter 2 Chiral Effective Field Theory

2.1 Effective Field Theories

Particle physics includes the study of phenomena in very different scales of time, energy or length. In
some scales relativistic effects are important whereas in others, classic limits, or stationary states are
precise enough depending on the purpose of a calculation. This is a very intuitive feature. We can
calculate motions of Newtonian objects, up to very precise orders without the need for special relativity
or calculate the hydrogen atom without including muon or top quark dynamics into the theory. Therefore,
while studying some particular regime of energy we can omit the "unrelated" part. A systematic scheme
of work is needed to be able to perform calculations safely and rigorously to make sure that the missing
physics do not have much of an effect on the result. This is done by effective field theories. In the modern
understanding of QFT, even the Standard Model is an effective field theory.

An effective field theory (EFT) aims to study the small energies of the light modes of some physical
phenomena with respect to a given scale. Therefore, the first thing to understand is where to set the scale.
This scale is usually called the hard scale and represented by A, which separates the notion of low and
high energies and what the degrees of freedom, light modes below that scale are. This has to be done
to make sure that the physics of high energy scales can be eliminated systematically. Otherwise, high
energy physics or heavy modes may have uncontrolled effects on the phenomena. As a result, the EFT
would lose its predictive power and reliability. Once a scale of an EFT is set, all modes with higher
masses can be integrated out. The effects of these heavy modes are included either in generated operators
from the decoupling procedure or in the coupling constants of EFT via a renormalization procedure. An
EFT with a well separated scale ensures that higher energy effects are suppressed inversely in the power
of heavy field masses or the defined energy scale. Exploiting this, we can perform calculations with a
model-independent approach in the non-perturbative regime of QCD or have simpler ways to calculate
observables of a theory.

If an EFT of a fundamental or more underlying theory is studied, we must investigate the symmetries
of the fundamental theory and their behaviour in the defined energy regime of EFT. On the other hand, if
an EFT does not have a more fundamental theory, the assumed symmetry principles should be considered
and realized (if they are broken or not, and if yes, how?). Once these principles are known, we can
construct an EFT. This requirement is known as the ’folk theorem’ of Weinberg [13] L

...although individual quantum field theories have of course a good deal of content,
quantum field theory itself has no content beyond analyticity, unitarity, cluster decomposition,
and symmetry. This can be put more precisely in the context of perturbation theory: if
one writes down the most general possible Lagrangian, including all terms consistent with
assumed symmetry principles, and then calculates matrix elements with this Lagrangian to
any given order of perturbation theory, the result will simply be the most general possible
S-matrix consistent with analyticity, perturbative unitarity, cluster decomposition and the
assumed symmetry principles. As I said, this has not been proved, but any counterexamples
would be of great interest, and I do not know of any.

With this "theorem", one can obtain and justify the results of current algebra simply by
writing down the most general Lagrangian consistent with the assumed symmetry principles,
and then deriving low-energy theorems by a direct study of the Feynman graphs, without
operator algebra.

After the construction of such a general Lagrangian, a perturbative expansion (in terms of momentum,
mass, etc.) should be organized. Later on, a finite set of parameters should be fixed order by order.

"This has been proven for ChPT (all possible interactions consistent with the parity, charge conjugation and approximate
chiral symmetry) by Leutwyler in [68].
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2.1 Effective Field Theories

Finally, Feynman diagrams of a process can be calculated up to desired order. This method gives a
systematic approach and model-independent blueprint to EFTs.

As a very brief historical example, we can consider a leptonic electroweak decay process via a weak
gauge boson (W) exchange, with a total energy much smaller than the energy scale A = My,. If itis
calculated from the Standard model Lagrangian,

v _ KK
29w
———— X (vertex contr.) 2.1
2 M -k

w

where ¢ is the coupling constant, vertex contr.” indicates contribution from each leptonic electroweak
process tree level diagram vertex and the rest is just the propagator of the gauge boson. Since the lepton

. . 2 .
mass is much smaller than the gauge boson mass, the propagator can be expanded in powers of %= in the
MW
2
low-energy region. Thus, at lowest order it simplifies to 2]‘{/1

> X (vertex cont). This can be obtained from
w

an effective Lagrangian of the form [69, 70]
L =2V2Gp(Iy,PLy)Vpy*Prvy) +hee.. (2.2)

where the terms inside the parenthesis correspond to (vertex contr.) in eq. (2.1) and G, is called the Fermi
constant which is the only parameter of the effective Lagrangian. This parameter includes information
of the coupling constant g, gauge boson mass My,, the excluded heavy field in this case, and other
coefficients. It was historically set from the experimental value of the muon mean life. The interpretation
of the difference in terms of Feynman diagrams would be that eq. (2.1) corresponds to a tree level process
while eq. (2.2) corresponds to an effective contact interaction

2.1.1 Integrating Out a Heavy Field

Let us say that there is a general action S [¢;, ¢,] (a full theory which is known) which includes both a
light (¢;) and a heavy (¢,,) field with my <K mg, = A:

S1dp byl = f L@y by) = STo] + (o ] 2 23)

Integrating out heavy fields refers to separation of the integration process to first integration over the
heavy fields for fixed values of the light modes. Then, an effective action can be defined as:

eiseff[¢1] — fd¢heis[¢l’¢h] — ei5[¢1]fd¢hei5[¢1v¢h] ) (2.4)

Notice that the outcome of the last integral depends only on ¢;. As a result, the effective action will have
the form:

Seff[¢l] = fd4x'£eﬁ(¢l) =S [¢l] + Snon—dec[¢l] + Sdec (25)

where the last term includes the decoupling terms which are suppressed by 1/mg, or 1/A.

Heavy fields have two effects. They renormalize the infrared (IR) couplings and they cause new
non-renormalizable interactions which are inversely proportional to the heavy field mass. Therefore, as
the limit my— oo is taken, these terms decouple.

?For an introduction to the path integral formalism [71].
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Chapter 2 Chiral Effective Field Theory

Decoupling Theorem

The formulation of decoupling for any QFT is done by Appelquist and Carrazone [72]. They have stated:

If the remaining low-energy theory is renormalizable, then all effects of heavy particles ap-
pear either as a renormalization of the coupling constants in the theory or else are suppressed
by powers of the heavy particles masses.

This theorem, for gauge theories, allows all heavy fermions to decouple. For example in QCD, all heavy
quarks can be integrated out. This is intuitive. If heavy modes had effects on the low energy limit, we
would be able to predict heavy quarks in the low-energy limit via experimental results in that region,
which is never the case.

2.1.2 Constructing an EFT Lagrangian

We demand our effective theory to exhibit the symmetries of a more general theory. The degrees of
freedom of the effective theory will be different but they still should be invariant under the same symmetry
transformations. Without any prescription, we can write the most general effective Lagrangian consistent
with these transformations and symmetries, as stated in the folk theorem:

Lina [d.0£] = Logleff. d.o.f]. (2.6)

It might seem like there would be infinitely many possible terms and yet effective theories can be
expanded in terms of momenta. This lets us to manage perturbatively all the possible terms order by
order:

L= LG @

Each higher order coefficients of operators are suppressed by 1/A, where A is the energy scale of
an effective theory. As a result, each vertex contribution from these terms will have E" /A" (from
dimensional analyses) order contributions. In a low-energy effective field theory, since the energy is
smaller than the characteristic hard scale, higher order contributions are guaranteed to be smaller with
respect to the lower order contributions. At each order, terms will come with some extra unknown
coeflicients which should be determined either from experiment or from phenomenology.

2.1.3 Weinberg’s Power Counting

According to the procedure above, we need a dimensional counting scheme for loop diagrams. Some
of the momentum terms of a particular order term can be included in a loop diagram which need to
be integrated over. Therefore, these terms would turn out to have a smaller order with respect to their
originated order. Hence, if we do not insist on such a particular counting rule, there might be contributions
to a lower order calculation from an arbitrarily higher order. This would destroy the systematic expansion
which we demand for a theory of bosons with derivative couplings This scheme, proposed by Weinberg,
is the so called Weinberg’s power counting theorem [13].

Consider a diagram with Ny, total vertices: N, = >, N, with N, being number of vertices of nth
derivative term of an effective theory, p",m". So, the mass scale (scale in the coefficients of the effective
Lagrangian) dimension should be N~ = 3, N,(d — n) where d is the dimension which comes from
dimensional regularization (so that we can count the mass, energy dimension), which will be taken as
4 from now on. Consider that there are N; internal lines and N external lines and each internal line is
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2.2 Constructing the Chiral Effective Lagrangian

formed with a contraction of two fields. Moreover, the Euler identity gives:

where N is the number of independent loops.
Therefore, a calculated amplitude will be in the order of:
mass* Ve = AZiNiG-m-Np=2N, 25, N, 42 o0 . 2.9)

This gives us:
D:2+ZNn(n—2)+2NL. (2.10)
n

In terms of rescaling of momenta (p; — tp;) and masses (m; — t2m,~) and amplitude, this refers to:
Mip;, *m;) = P M(p;,m;) where:0 <1< 1 (2.11)

Eq. (2.10) and eq. (2.11) imply that each added vertex or loop increases the dimension of m or p.
Notice that D > 2. Eq. (2.10) is called Weinberg’s power counting. It says that a Feynman diagram

D
will be at the order of O (#) where f is a leading order constant of the theory. Therefore, at the

. . . 2 o .
leading order, a diagram with one loop has O (ﬁ) contribution. This scheme makes sure that only
a small number of loops is needed at low energies. As the number of loops is increased in a diagram,
contributions will become less important.

2.2 Constructing the Chiral Effective Lagrangian

While constructing the Lagrangian, first we must define the symmetries of the theory. In the low-energy
regime of QCD, the dominating properties are chiral symmetry, spontaneous and explicit symmetry
breaking of chiral symmetry and anomalous symmetry breaking of U(1) axial symmetry. Moreover,
as stated several times, due to confinement, hadrons are the observables, instead of quarks and gluons.
Therefore, hadrons are the degrees of freedom of the chiral effective Lagrangian. As a result, low energy
interactions are described by Goldstone bosons which form the pseudoscalar meson octet. In chiral
limit, they are massless. Since there are no massless particles other than photons and gluons, pions
would have a long life time in chiral limit since there is nothing else for them to decay to. This leads
to long range interaction behaviour of pion exchange. But, since there is explicit symmetry breaking,
the pion is massive and the pion exchange is a short range interaction, like QCD itself. Low energy
chiral Lagrangians were first studied by Weinberg [73] and more general frameworks of how to construct
spontaneously broken effective theories were studied in [14, 15, 74, 75]. For an introduction to ChPT with
different applications [54, 76—81] and for a detailed introduction to the topic [16, 19, 82] are suggested
to the interested reader.

2.2.1 Goldstone Boson Representation

Since the degrees of freedom are Goldstone bosons, we want first to find a representation of the meson
fields. Our Lagrangian has S U(3); X S U(3) chiral symmetry which is spontaneously broken to S U(3)y,
SUB)y € SUB);, xSU@B)g). Consider R as a representation of SU(3); X SU(3)g, the Goldstone
bosons then transform accordingly:

7 — 1 =R(s,m), (2.12)
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Chapter 2 Chiral Effective Field Theory

where 7 = (7,75, ...,mg) and s € SU(3); XS U(3)g. Since S U(3)y, leaves the vacuum invariant, R(v, 0) =
0, Yv € SU(3)y. Therefore, if e is considered as the unit element (R(e,a) = a) of SU3);, X SUB)g,
R(e,0) =0 = e € SU(3)y. Moreover,

R(ev,0) = R(e, R(v,0)) = R(e,0) . (2.13)

Therefore, the representation R maps the coset space S U(3); XS U(3)x/S U(3)y (isomorphic to S U(3); X
S U(3)y) elements onto all field configurations of 7. Every element of S U(3); XS U(3)x can be represented

as
s = (s, 8g) = (l,sRSzl)(sL, s;) = cv, ceSUQB),xSUBR/SUQ)y . (2.14)

The action of SU3); X SUB)r on SU3);, X SUB)R/SU3)y gives:
(L,R)(1, sgs7") = (L, Rsgs;") = (1, Rspsy L)L, L). (2.15)

Here, L,R € SU(3), g and the same relation holds for sle_el as well. As a result, every element of
SU@B), xSUB)r/SU3)y can be represented as:

U:=s;sg or U:=sgsp . (2.16)

Hence, 7 can be represented by matrix valued fields U(x) € S U(3). Under chiral symmetry transforma-
tion, the behaviour of U is:

(1,U)-» (1,U) = (LR(1,U)=(L,RU)=(1,RUL")L,L)
U - U =RUL'. (2.17)
A particular representation is
id,m,
U = exp R (218)
fo
where a is summed over, 4, are the Gell-Mann matrices (Appendix B.1) and
1.0, 1 + +
A
$=An,= 2| =« %t K (2.19)
K K —7677
2.2.2 The Leading Order O(p’)
According to eq. (2.6),
Locpld, @, F1 = LeyprlU,0U,8U, ... ], (2.20)

where C, P, T, Lorentz and chiral symmetries are respected. Due to Lorentz invariance, only terms with
even powers of momentum are allowed (this is the reason for the first term in eq. (2.7) to vanish). At the
zeroth momentum order, the only term which respects all the symmetries is U "U = j. This term has no
effect on the equations of motion. Therefore, it can be omitted. The next order is the second order. There
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2.2 Constructing the Chiral Effective Lagrangian

is only one term which respects all of the symmetries3:

2
L% = %’(aﬂ Uia'vy. .21)
This term by itself defines a specific model called the non-linear sigma model [85]. The coefficient is

chosen such that normalized bosons are reproduced when we expand U in powers of ¢:

o _ &
vo= 1422 .. 2.22
T 2fs 222
L? = 91t + 9 KIK +--. (2.23)

The Noether currents of eq. (2.21) are:

. 2
ify
4

.2
if;

VE = .

AJ0,U.U7y, A= =2,10,U.U"). (2.24)
These currents are to be described within the effective field theory since they include one pion exchange.
However, if the low-energy expansion is applied, these currents will have more than one current for each
vertex (one-particle reducible). Therefore, by defining a single current as in eq. (2.24), we can not explain
one-particle reducible diagrams. By using the external source method (we will study this in next section),
we can establish all vertices on the same ground and the higher order terms can contain more than one
current. Moreover, the Ward identities obtain a very simple form when external sources are used.

PCAC in ChPT
Taking eq. (2.24) into account, we get
FAL = i (2.25)

This tells us that Goldstone bosons can be described either by 7 or by G”AM. Here, we have used f;
instead of f; to indicate that we are considering the physical value which is determined from the pion
decay (for the relation in between f; and f, see section 2.2.3).

External Sources

In order to study a current, a corresponding classical, external source term can be introduced in the
Lagrangian: L[$,S] = L[¢]+JS. The generating functional with an external source S and corresponding
current J then has the form:

Z[S] = f Dé exp (1 f d4x£[¢,S]), (2.26)
1 (=isZIS]
OJx)I0) = m (T(x)) o . (2.27)

3For a formal proof of this correspondence [83, 84], it will be explained later in this section.
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External sources can be introduced as traceless and hermitian matrices in flavor space:

Scalar: s=A,5,, (2.28)
Pseudoscalar: P=A4,P,, (2.29)
Pl
Vector: = ?“UZ‘ , (2.30)
Pl
Axial-Vector: a' = ?‘l i (2.31)

In this case, the singlet parts of the external sources are excluded since vector and axial currents are
chosen to be traceless in flavor space (they couple to right- and left-handed currents and ¢/,,) = (r,) = 0
as we will see. Moreover, the singlet axial current has an anomaly (for more details see [82]). However,
the singlet parts for scalar and pseudoscalar sources can be introduced. A tensor source can also be
introduced in case of need [86].

The inclusion of external sources changes the global chiral symmetry to a local symmetry (U(x) —
R(x)U (x)LT(x)) 4 As these external sources are introduced, the QCD Lagrangian takes the form:

1 . _ I
LQCD,GX[. = _§<F’WFMV> + C_ﬂlpijq + qy#(vﬂ + ysau)q - Q(s - lysp)q s (2-32)
= Locp + 37, + 7Y a,)q — Grm(x)q, — gim' (¥, (2.33)
= Locp +@J1s, p,v.alq. (2.34)

The generating functional with external sources has the form [68]:

Z[J(s, p,v,a)] = dedqu]eXp (fid4x(.£QCD(q, g, F)+qJls, p,v, a]q)), (2.35)

which can be replaced, via Weinberg’s conjecture, by the effective Lagrangian path integral:

Z[J(s, p,v,a)] = deexp{ifd4x(£ChpT(U,6U,...,J[v,a, s,p]))}. (2.36)

This equation tells us the connection of the effective Lagrangian with the underlying theory. The left hand
side has the generating functional of QCD whereas the right hand side includes only ChPT terms. Thence,
the value of the generating functional of QCD under a set of external fields represents the dynamics of
QCD and this is equivalent to the effective theory in the presence of the same external sources. Therefore,
the ChPT Lagrangian now has pion fields and external sources at any order. The higher order terms for
external sources represent diagrams with more than one current.

*The introduced external sources are demanded to be local since when generating functionals are invariant under their local
transformation, this invariance is equivalent to the Ward identities [82].
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2.2 Constructing the Chiral Effective Lagrangian

Eq. (2.32) is invariant under local transformations:

: - L+
q(x) = ¢ () = Lx)—=—q(0) + RD)———¢(x). (2.37)
s — § =R@sL'(x), (2.38)
p = 5 =RWpL ), (2.39)
v ta,=r, — r,=ROrLR x)+iRxI,R (x), (2.40)
v —a,=1, — I =LxLLx+iLx)d,L (x). (2.41)

Moreover, we can choose p = v, = a, = 0,s = M = diag(m,, m,, m;) to generate eq. (1.13) from
eq. (2.32). We should note that eq. (2.35) is not invariant under these transformations at each order. It has
anomalies, including the so called U(1) axial anomaly which was mentioned before, due to the fermion
transformation in the path integral formalism [82]. Also, chiral anomalies are present (Wess-Zumino
term). However, chiral anomalies occur only at the next-to-leading order in the chiral power counting
scheme [82].

Chiral Transformations

According to this, L,pr With external sources should also be invariant under the local chiral symmetry.
Therefore, a covariant derivative should be defined:

D,U=9,U-ilv,,U]l-ia, U}=0,U+iUl,-ir,U, (2.42)
with the chiral transformation (R('?#RT = —(GMR)R% is used):

DU — ORULY+iRULYLLL" +i(Ld, L") - i(Rr,R" +i(RO,R")RUL")
= (,RMUL" +RO,UL" +RUS,L" +iRUL,L' - RUS,L" - iRr, UL - (3,R)UL'
= R@,U +iUl, —ir,U)L" = RD,U)L. (2.43)

The field strength tensors of the external fields are defined as:

fa = 9y, =8y, —ilr,,r,] = RQOAR(x), (2.44)
f = 00, =0, —ill,.1,] > L) £, L (x). (2.45)

Since <rﬂ> = (lﬂ> = ([rﬂ/lﬂ, r,/L]) =0, fHLV’R are also traceless. As a convention used by Gasser and
Leutwyler [14, 15], y = 2B(s + ip) is introduced where By, is a constant to be determined.

All structures up to O(pZ) are described. Since the vector and axial-vector external currents are at
the same level as the derivative operator, they have chiral order 1. This makes the field strength tensor
of chiral order 2. As seen in QCD, the scalar external field can be assigned with the mass matrix. In
eq. (1.38), it is stated that the mass matrix is proportional to the squared mass of mesons, so it has chiral
order 2. That is the reason why mass rescales as m; — tzml- in the power counting. See table 2.1 to see
all the building block structures up to second chiral order.

To construct an effective Lagrangian from these elements, we need to be sure that the Lagrangian
obeys the symmetry transformations. Therefore, besides their chiral transformation rules in eq. (2.37),
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Chapter 2 Chiral Effective Field Theory

Chiral Order Building Elements
ow’) U(x)
oph D,U), r,. 1,
0w | DDUW), fyn fusn X

Table 2.1: Chiral orders of the building elements up to second order

their P and C transformation rules are needed to respect all symmetries of QCD’. We will give some
examples and then list chiral, C, and P transformation rules for the structures up to second chiral order in
table 2.2.

Let us consider U(x) first. For simplicity, let us assume we have S U(2) symmetry rather than S U(3)
symmetry. Then,

0 +
(7 Non
U(x) = exp {z( N )} (2.46)
Its charge conjugate is simply the transpose of itself:
0 —
U(x) g CU(x)C‘1 = UT(x) = exp {i(\/%ﬂJr \fzg )} (2.47)
Next, chirally transformed U can be considered:
R/IL S CRILC™ = (LR, (2.48)
RULT S cruLhc™ = crc'cuc'cLic™
HTUTRT = RUL"Y . (2.49)

. . .. . . C
As a last example, we will check the covariant derivative under charge transformation by using r, — —IZ

and lﬂ £> —rZ:
C . . -1
DU — C(ByU+ lUly - lrﬂU)C
_ T T T , 4T y,T
= (9#U iU Ty +ll#U

@,U +iUl, —ir,U)" =(D,U)". (2.50)

Chiral invariant combinations should be formed out of these elements. Since any element a transforms
as RaLT, chirally invariant combinations are of the form ((ab) = (ba) is used):

(ab"y = (RaL"(RbLN'Y = (RaL'Lb'R"Y = (ab"). (2.51)

This can be generalized to <achdT), (abT)(cd%). Therefore, we can generate the zeroth order chiral
invariant term as (UU T) = (¥), which is equal to the number of flavors. There are two options with the
chiral order one: ((DﬂU U T)) =—(U (Dﬂ U)") = 0. We have more possibilities at the second chiral order:

(f8Ey = 0,4(D,D,UYU"Y = ~((D,U)D,U)") = (UD,D, U, (xU"), and (Ux"). Clearly, there is no

term to be used to describe Goldstone bosons or external forces at the zeroth or first chiral order. Finally,

Due to the CPT theorem, if P and C symmetries are respected, 7 symmetry is automatically respected.
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2.2 Constructing the Chiral Effective Lagrangian

Structure Chiral Transformation C P(x=(t,—x))
U(x) RU®L' (x) U' (%) U'®
D,U(x) R(x)(D,U)L' (x) DU ' | DU ®
D,D,U(x) R(x)(D,D,U(x)L'(x) (DD, U (x) | (D,D,Ux) (%)
x(x) RO (L' (x) X' (x) x'@
(r, /1) | R/, /L)R/L) (%) + iR/L)(x),R/IL) (x) | =(U,/r,)" ) (1))
£aE)) R/ fR R/ (x) —(£ ) e

Table 2.2: Transformation rules for the building elements up to second order

to ensure Lorentz invariance, Lorentz indices have to be contracted. This also excludes the first order or
any odd number of order terms. As a result, we are left with three terms: ((Dﬂ U)D'U )T>, (U XT) ,(xU T).

The last two can be combined as: (U XT +yU ™y, but the *—’ sign does not conserve parity. Therefore, we
are left with only two terms and their coefficients for the lowest order chiral Lagrangian. As a result, the
most general chiral invariant effective Lagrangian of Goldstone bosons up to leading order can be written
as:

b
4
The first term is the generalized version of eq. (2.21), invariant under local S U(2), x SU(2), as well.
The second term introduces the quark masses. Hence, it is responsible for the explicit symmetry breaking.
Notice that, there are no terms with fv/ L The last thing to be noticed is that there are two coeflicients at
the leading order, f, and B, (hidden in y in the second term). These are called the low-energy coefficients
(LECs) which are parameters of the Lagrangian. f; is a measure of the spontaneous symmetry breaking
of QCD (see eq. (1.42)) whereas B, is a measure of the quark condensate (see eq. (2.55). They are
determined either from experiment or phenomenology (meson resonance saturation, the extended NJL
model or lattice QCD). By a redefinition of LECs and fields from the second and fourth chiral orders,
UV-divergent contributions of the loop diagrams from second chiral order vertices can be absorbed in
these coefficients.

LP = 2 (@D D)y + (U + Uxh) . (2.52)

Goldstone Boson Masses

As aforementioned, ChPT can reproduce QCD Green functions perturbatively in small momenta and
quark masses. Therefore, ChPT Green functions can be related to QCD Green functions perturbatively.
Consequently, matrix elements can be related as well [13, 15]. For example, consider the generating
functional of ChPT at the lowest order:

Z(z)[s,p, v,al = fZ)Uexp(ifd4x.£(2)[U, s, p,v,all. (2.53)

If we take p = v = a = 0, and s = M, it can be related to the quark condensate. Consider a scalar
source in which an auxiliary field (¢) is defined. This source acts as a perturbation of the quark mass in
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Chapter 2 Chiral Effective Field Theory

consideration:
(01gql0y = __ (ii) Z®[M,,0,0,0]|
ZP1M,0,0,0] \ 6¢ o5 Hlg=o
2
—foB
= ! f Z)UM(UT+U)exp(i f d4x£(2)[U,M,O,O,O])
Z®[M.0,0,0] 2
2 2
—foB
= —2 fO 0 fDU(l_ﬂ-_Z-i-)exp(lfd4x£(2)[U,M,O,O,O])
ZP[M.0,0,0] f
= —fyBy+OM+--) (2.54)
Therefore,
(0lizu]0) = (0ldd|0) = (0|550) = —f3 By + O(M) + - - - . (2.55)

Since B, is proportional to the quark condensate, it can be considered as the chiral symmetry breaking
parameter. So, at the leading order, the quark condensates are degenerate.

Let us determine the masses of the Goldstone bosons at the leading order. Again, let’ssetp =v =a =0,
and s = M. What is left from the symmetry breaking part is

B
L) = XM (2.56)
B _
= —70(2(mu +m)rn +2m, +m)K K™ +2(m, + ms)KOK0 + (m, + md)ﬂ'oﬂ'o
1 2, 2 0
+ g(mu +my +4mn” + $(mu —my)nn). (2.57)

The last term refers to 7° — n mixing [41], proportional to the S U(2) isospin symmetry breaking which is
proportional to the mass difference of up and down quarks. Using this, we can deduce the Gell-Mann,
Oakes, and Renner relations [87]:

) By (m, —my)*

- ZB - ) Zi = 2B b
mno om 4 m, —m n’l7r om
mio = By(my; + m,), méi =2By(m, + mg), (2.58)
2 By(m,—m )2 m,+m
2 0 u d u d
m, = =By(m +my) + ———, m= .
T3 Y4 mg-m 2

By considering the quark-antiquark density dependence of B, (eq. (2.55)), we can say that B, is respons-
ible for the spontaneous symmetry breaking whereas terms like (m,, + m;) are responsible for the explicit
symmetry breaking. For example, if we preserve the S U(2) isospin limit, m,, = m, = m # m,, this gives
us eq. (1.38):

2
mz =2Bym, my = By(m+m,), m,2] = §Bo(m +2my). (2.59)

We can reduce these three relations into one and we get the Gell-Mann Okubo mass formula [88, 89]
which is independent of B, and quark masses:
3m; = dmy, — . (2.60)

Using my and m, as inputs, we get m, ~ 566 MeV. This is the prediction of eq. (2.60) whereas the
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2.2 Constructing the Chiral Effective Lagrangian

empirical value is 547 MeV [1].

The first thing to be observed from eq. (2.59) is that we cannot deduce a value for B, or for boson
masses. However, mass ratios for quarks can be obtained:

M> +
Mg _m+myg = %:25.9,
m

> =
M; 2m
M,% m+2mg m
= = =243, (2.61)
M; 3m m

M2 - M2+ M% m

T =t = £ ~066.
My + Mo+ My Mg my

If S U(2) symmetry breaking is turned off, m, = m; = 0, the pion mass disappears. This explains why
squared boson masses are very different. It is appreciated that ChPT can be used to extrapolate the quark
masses to their physical values if the GMOR is checked on lattice. Moreover, Lff) shifts the vacuum
energy which is related to squared boson mass via B,,.

2.2.3 Higher Order Corrections

We said that ChPT has a systematic expansion with a Weinberg counting rule. Therefore, there are
higher order tree level terms as well as loop diagrams contributing to particle interactions. Typically,
these loop diagrams have UV divergences. When they are regularized with a regularization method
which respects the symmetries, there will be counter terms that are required by the regularization process.
By construction, respecting the "folk" theorem, ChPT contains all terms needed. However, there are
infinitely many, hence there are infinitely many parameters. Nevertheless, Weinberg’s counting scheme
ensures that we can calculate physical processes up to needed order without having problems from the
higher order contributions.

When the leading order diagram (O(pz), fig.2.1(a)) and the loop diagram (O(p4), fig.2.1(b)) are taken
into account, at least tree diagrams with one vertex from £(4) (O(p4), fig.2.1(c)) should also be considered
so that by renormalization, infinities of the loop diagrams of £L® can be absorbed by the LECs of LW,
Hence, ChPT is a renormalizable theory in the 'modern’ sense [90].

For building a power counting scheme, L,pr can be organized in powers of Goldstone boson masses
and momenta due to the low-energy scale. This is called chiral power counting scheme. For a systematic
expansion, an energy scale should be set which is relatively high with respect to Goldstone boson masses
and momenta. Spontaneous chiral symmetry breaking has a scale around A, ~ 4xf; ~ 1.2GeV, which
is set as the chiral scale. The reason for this value will be explained later. Actually, any limit around the

order of M 4o nance 18 justifiable since ChPT fails to explain resonances.

As in the construction of the leading order terms, higher order terms can be constructed by respecting
gauge invariance, Lorentz invariance, P and C symmetries and chiral symmetry. The form of the fourth
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order chiral Lagrangian is [151°:

£(4)

Li(D,UD"U)'Y + LD, UMD, U) D' UMD’ U)")

LD, UMD"U)'D, UMD Uy + LD, UD"U) yxU" + Ux')

Ls(D, UD"U) (U + Ux")) + Lex U + Ux'Y

LyyU" = Ux"Y? + LUy Ux " + x U U)

— iLy(fRD'UMDU) + fL(D'UY DUy + LU £L, U 13

+ Hi S+ Foft) + Holox) (2.62)

+ o+ o+

Here, L; are the LECs similar to the leading order constants f, and B,. So, ten more parameters are
needed to perform calculations up to O(4)" These parameters contain properties of the non-perturbative
properties of QCD which are disregarded or not computable. Notice that L, L,, and L; survive in the
chiral limit whereas all the other terms disappear. H; and H, do not contain any information about
Goldstone bosons but only about the external sources. Therefore, they have no physical implication.
However, they are required in the renormalization processes as counter terms for one loop graphs [15].
There is one more term, Lx(Dﬂ uw,u )TD” UD'U )T), which is invariant for all symmetries only if
N, >4[15].

Besides the terms in eq. (2.62), loop diagrams with second order vertices contribute at the fourth
order®. They contribute to the fourth order due to eq. (2.10). These one loop diagrams contain UV
divergences. By a redefinition of LECs (except for L; and L,), H;, and fields, these UV divergent terms
can be absorbed in LECs when loop diagrams are renormalized. Therefore, besides the non-perturbative
properties of QCD, the fourth order LECs also contain divergences of the loop diagrams produced by the
second order terms. We can see from the pattern that it is actually generalized and higher order LECs
contain divergences of diagrams constructed with lower order terms.

To understand the chiral ordering of the leading and next-to-leading order, consider eq. (2.10) and
elastic i scattering in Table 2.3.

Table 2.3: Chiral ordering of nirr scattering.

Lagrangian | n (# of derivatives) | N, (# of vertices) | N; (# of loops) | D (Chiral Order) | Diagrams
L£® 2 0 2 fig. 2.1(a)
£? 2 1 4 fig. 2.1(b)
LY 4 1 0 4 fig. 2.1(c)
£ 2 2 6 fig. 2.1(d)
LW 4 1 1 6 fig. 2.1(e)
£y 4 2 0 6 fig. 2.1(f)
Lo 6 1 0 6 fig. 2.1(g)

SFor the S U(2) version see [14]

"The number of parameters depend on the number of flavors () included in the chiral symmetry (S U(N)).
8There is also contribution from an anomaly at this order which was first studied by Wess and Zumino [91] and later by

Witten [92].
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D X Dead peX XX

() O(p*) (b) O(p*) (©) O(p") (d) O(p® ) O(p") ) 0(p°) (2) 0(p%)

Figure 2.1: some nirr scattering diagrams with different chiral orders.

Jos By, and A,

2 .
Jo 1s determined from the matrix element of the axial-vector current, Au, .= Ry’ a—Lﬂ’a =i %(ﬂa [8# Uuu r]),
with the vacuum and a Goldstone boson field:

01A%1g) = ip" fy - (2.63)

This gives us the decay of a Goldstone boson to leptonic sector in the chiral limit. Therefore, f; can be
set from 7 — Iy, (see [1]):
fo=/;=92.1 MeV. (2.64)

However, usually we are not in the chiral limit and we consider quark masses. Hence, there will be
corrections to fy due to quark masses. Thus, the accurate relation is:

Jo=fol+0(my) +--+). (2.65)

At the next-to-leading order, there should be a logarithmic contribution from the loop diagram as well.
B, is related to the quark condensate via eq. (2.55). Up to the leading order, the value of By, is set via
the value of f, = f, and the sum rule calculation of (0|gg|0) = —(250 MeV)3 [56] leads us to a value of
around
By = 1830 MeV. (2.66)

Like in eq. (2.65), B, and the quark condensate relation actually has the form:
(01g410) = —fy By(1 + O(my) +-++) . (2.67)

Each loop increases the chiral order by two. When any next-to-leading order loop is calculated, it

9
receives a factor of 1/ (47r)2 and a factor of 1/ f02 from the expansion of U = eh. T herefore, each chiral
order will add an extra factor of (4 fo)_1 to the expansion. Therefore, this value is set as the hard scale
for spontaneous chiral symmetry breaking:

A, =4nf, = 1200 MeV . (2.68)

Thus, it is considered to be the scale of Goldstone boson masses and momentum power expansion, e.g.
202 2,42
PrIA, my /AL

Renormalized LECs

An appropriate renormalization of LECs and H;s are [15]:

L.

1

H.

]

Liw+T,L, (i=1,...,10) (2.69)
HWw+AL, — (=12). (2.70)
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Here, L = %(ﬁ —In(4n)+yg—1) with yg = ~I"(1) = 0.577 the Euler constant and d is the spacetime
dimension from dimensional regularization. With these renormalized LECs, the second order terms and
its loop diagrams become finite at d = 4. After renormalization, the LECs become scale (1) dependent
due to dimensional regularization:

r r F /J2
Lip = Li(up) + — ln(—g] . (2.71)
32 u

However, the scale dependence of LECs and loop diagram terms cancel in such a way that observable
quantities remain scale-independent. In Table 2.4, we give the values for renormalized LECs at the p
mass scale (u = m,) and I'; values.

Table 2.4: Renormalized low-energy coupling constants L; for S U(3) [67, 93, 94].

LEC | Empirical Value (10_3) I; Process
Ly 04+0.3 = = an
L, 1.35+£0.3 = T —
L, -35+1.1 0 K, nm — nn
L, -0.3+£0.5 : Zweig Rule, Lattice
L 1.4+0.5 2 Fy/F,, Lattice
Lg -0.2+0.3 i |  Zweig Rule, Lattice
L -04+0.2 0 n — ' mixing
Lg 0.9+0.3 7% | Mo — My, L, Lattice
—iLy 6.9 +0.7 ! 7 e.m. radius, Lattice
L, —-5.5+0.7 = 7 — Ivy, Lattice

There is an important reason for setting 4 = m,,. If we perform calculations at the energy which is
around the mass of resonances, they will have noticeable contributions to the LECs. Therefore, even if
the heavy states are not considered in the theory, their effect can be seen. For example, in a 7 scattering
if the lowest lying resonance, the rho-meson, is considered to be produced, the contribution will be

proportional to Aii If the momentum exchange is low with respect to m,, the contribution of the
Tt T T Tt
L —
Tt s s Tt

Figure 2.2: Contribution to LECs from heavier resonances in the low energy.

resonance to the scattering amplitude is hidden in the LECs of the form:

2
L~ voph+--. (2.72)

mp
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Hence, if the resonance mass is low, its contribution to L; is higher. The contributions to the LECs can be
considered by integrating out vector (V), scalar (), singlet-scalar (S ;) multiplets from a general, chirally
invariant Lagrangian as:

Li=LY+L]+L". (2.73)

As the contribution from each channel is controlled, we observe a vector-meson dominance by p(770)
meson [95-97]. Moreover, as expected, LEC values are saturated by the lowest lying multiplet of the
corresponding channel. Regardless of the existence of f;(500), the scalar contribution starts at around
> 1 GeV’.

Mass terms at Higher Orders

If the pion mass is considered up to chiral order O(4), there are three diagrams contributing to the
pion self-energy: the free pion propagator, tadpoles from the leading order Lagrangian and the pion
self-energy contribution from the next-to-leading order Lagrangian, see fig.2.3. The first is the result of

ML VAR

Figure 2.3: rr self-energy diagrams up to next-to-leading order

the leading order calculation in eq. (2.59), the second one has a divergent loop integral and the last one
has a contribution at the order of O(p4). Therefore, the result for m, has the form:

m> = By(m, +my) + Al +B(L,). (2.74)

Here, A, and B, are real and of order O( pz) and O( p4) respectively. L; are the related LECs contributing
to B, and [ is the divergent loop integral. This loop integral should be regularized. In dimensional
regularization the divergent part of that integral at d = 4 dimensions should be absorbed in renormalized
LECs. Notice that the divergent term appeared due to £® and is absorbed by the LECs of LY Asa
result, the GMOR relation, up to next-to-leading order has the form:

m,Z, = By(m, + my)[1 + A, (log)] + B.(L)). (2.75)

Limits of ChPT

ChPT offers very accurate results for pseudoscalar mesons around the momentum scale of 100—200 MeV.
It is found to give very good estimations of the masses of the pseudoscalar mesons, 7, 7K scatterings,
n, , K decays and some other properties [99-104]. Moreover, baryons can be included in ChPT and
we can get reasonable results for some static and dynamic properties of baryons [16]. This useful
applicability of ChPT beyond the low-energy region can be used in higher energy regimes only if there
are no resonances appearing in dynamical interactions. Hence, pseudoscalar interaction channels, free
of vector resonances, may be explained within ChPT as well in this region. However, it fails for spin 1
channels due to the low-lying vector resonances, which are not explicable by ChPT itself [105-107], see
fig.2.4.

This energy region is still below the perturbative region of QCD but above the low-energy regime.
However, there are different ways to reconcile these resonances in the theory to study this energy region.

“The Jo(500) is not studied in this work. A detailed discussion and review can be found in [98].
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Figure 2.4: ChPT results (represented by dashed lines) vs experimental pion-pion scattering data whereas solid
lines represent IAM fit. This figure is taken from [108].

It is clear to see that in the vector channel, ChPT does not explain the resonance behaviour of the phase shift [106,
107].

Obviously, all these methods should be in agreement with ChPT in the low-energy regime. There
are several different methods like the N/D method [109], inverse amplitude method [110], using the
Bethe-Salpeter equation [111, 112] and so on. Each of these methods has its drawbacks and range of
applicability, respectively. We will go over these issues in the next section.

On the other hand, we can generalize ChPT by including additional degrees of freedom. As a result, we
can get phenomenological chiral Lagrangians. For example, we can add the lowest lying vector-mesons,
by obeying the symmetries of the low-energy theorem and having a proper counting scheme. Moreover,
integrating out these resonances should be possible since at the low-energy regime ChPT should be
reproduced:

de exp (i fd4x.ﬁv(\/, U, s,p,v,a)| =Zeywpr(U, s, p,v,a). (2.76)

There are several different approaches to add vector-mesons. In general, they can be introduced as
vector matrices, as hidden gauge particles of the non-linear o- model or as a second rank tensor field [53,
113, 114] which are all equivalent [53, 95, 96]. Since they are massive spin-1 particles, they have
three degrees of freedom. Additional degrees of freedom generates constraints on the coefficients of
the Lagrangian. Introducing these fields generates non-linear chiral symmetry. Therefore, they should
transform as:

VoV =TLR UVT' (LR U). (2.77)

Here, V is the representation for the vector-meson octet. For example, if we use second rank tensors and
respecting all the symmetries, they are included in the Lagrangian as:

-1 Y
Ly = TV, (2.78)
Vo = 8V, =3V, —iglV,,V,1, (2.79)

where g represents the coupling constant in between the vector-mesons.

In general, the tensor field formulation is preferable for constructing chiral-invariant building blocks.
However, we will use the hidden local gauge symmetry formulation in this work. This choice is not due
to the formalism itself but it was used in [115, 116]. We want to stick with this choice for convenience
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since we examine these results and compare them with ours.

2.3 Hidden Local Gauge Symmetry

The addition of massive particles introduces a new scale to ChPT. This violates the power counting
scheme around the mass of the lowest lying vector-meson which appears as a resonance in the scattering.
To preserve the counting scheme, spin-1 fields should be regularized in the infrared region. This is a
cumbersome procedure, but it is possible. We refer to [117, 118] for the interested reader. We will use the
hidden gauge symmetry method to include vector-mesons. This procedure is explained below. Moreover,
the introduced coupling constants are not constrained. Although each unconstrained parameter needs an
experimental input, there are not enough available experimental input for all the processes. Hidden gauge
symmetry offers a successful framework for this problem.

The hidden symmetry approach exploits the fact that any nonlinear sigma model with a manifold
G/H is gauge equivalent to another one with G jqpq1(g) ® Higeaiqy Where H, is the hidden local symmetry.
That hidden symmetry introduces composite gauge bosons as gauge fields [119]. The first realization
of these bosons as rho-mesons was by Bando et al. [119]. The idea is that, since the non-linear sigma
model is a low-lying effective theory of massless QCD with U(3); ® U(3)y global symmetry, which is
spontaneously broken to U(3)y, local symmetry, the rho-meson can be realized as the dynamical gauge
boson, which is composed of quarks.

It is well known that the rho-meson is a gg state and not a gauge field. However, using the ideas
in [73] and relying on the phenomenological success of vector-meson dominance in [120], associating the
rho-meson as the gauge field of a hidden local symmetry and assuming the kinetic term to be generated
by this hidden symmetry end up in generation of the rho-meson mass via Higgs-like mechanism with the
spontaneous breaking of this hidden local symmetry. Moreover, the vector-meson dominance and the
Kawarabayashi, Suzuki, Riazuddin and Fayyazuddin relation (KSRF) [121, 122] can be achieved as well.
All this can be achieved with only one free parameter. We will summarize these ideas, starting with two
flavors and generalizing it to three flavor case following the procedure in [53, 119]. For more details on
this issue, we refer to [53].

2.3.1 p Meson as a Dynamical Gauge Boson

Let us first consider the Lagrangian with G/H = (SU(2); ® S U(Z)R)g/(S UQ)y);:

fr ;
L= 5-0,U9'U"), (2.80)

where U represents the pions, U(x) = ¢™/= and 7 = 77" where 7 are the S U(2) generators. As we
have seen before, this Lagrangian is invariant under the global chiral transformation U(x) — LU (x)RT.
The linear model can be constructed with two independent terms of S U(2)y, (£, and &) as:

U(x) = £ &, (2.81)

and parametrized as: ‘ ‘ _
Erp= T fr fF IR fr (2.82)

The transformation of these two terms under (SU((2); ® SU (2)R)g [(SU2)y), is as follows:

& p(x) = h(0)E (LR, (2.83)
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where h(x) € (SU(2)y),. Respectively, the covariant derivative can be defined as

D& g(x) = 0,81 g(x) = iV, (X)E) g(X). (2.84)

Here, V, = V/f 7%/2 is a non-Abelian gauge field for S U(2),, which is to be realized as the rho-meson
later on. It transforms under (S U(2); ® SU(2)g) 9 /(SUQ2)y), as (where v, is rescaled to gV,):

V, = G/@h(x)d,h () + h(x)V,0h (x). (2.85)

There are two independent covariant forms that can be written and their transformations are:
D& (€] (x) + Dyép(0ép(x) = h(x)(D,EL(x)E] () + D,ép()ERNR" (x), (2.86)
D& (€] (x) = Dy&p(0éf(x) = h(x)(D,&(x)E](x) — Dép(0ER(Nh (x). (2.87)

Thus, if we enforce chiral symmetry and parity conservation, a Lagrangian with lowest order of derivatives
of £ (second order) can be written in terms of these two linearly independent terms:

2

£y = I050E W+ D &g 2.88)
2

Ly = T WE W - D &g (2.89)

If the definition of the covariant derivative is used as in eq. (2.84), we get

1
Ly = [V 50808 +0,6rEp) (2.90)
1 .
L, = f,$<E(a#§Lgi — 0, EREDY. (2.91)
The equation of motion of V, is
' ) 1
gve = —é«“(aﬂg@ + 0, ERED) = —z—fz(n X Q)+ (2.92)

If this equation is used in eq. (2.90), L, vanishes and therefore this term can be multiplied by an arbitrary
parameter, a. Regarding this, the general Lagrangian has the form:

L=2L,+aly. (2.93)

Also, notice that if we fix the local gauge by setting fz = &p = &, which is called the unitary gauge

(represented as e/ f"), eq. (2.91) becomes equal to eq. (2.80). By using this, we set o = 0 which
eliminates the scalar degrees of freedom.

In some nonlinear sigma models hidden gauge fields are generated via quantum effects where the
poles of these fields are generated as well [123]. Hence, we can assume that the kinetic term for V, is
dynamically generated via QCD, pion dynamics or quantum effects of quarks [124]. Thus, the kinetic
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2.3 Hidden Local Gauge Symmetry

term is added directly 100 have a phenomenological Lagrangian. So, eq. (2.93) becomes
L™
L:LA+a£V—ZF“ F. (2.94)

where F, is the non-Abelian field strength tensor: F,, =9,V, -0,V + gV, xV,. If {is expanded to
obtain the physical modes, {(x) = 1 + 57~ T m(x) + -+, we obtain

L, = Ix 79, ud'u'y, (2.95)
Ly, = f,r<gV,,—z[n, 0,/ QfD) +- ). (2.96)
As aresult, eq. (2.94) becomes
L = fr 70, Uyuty + & 29 Vi + gV (X ') - F’”F L+ (2.97)
= —(8 )%+ g f,, gV S(rx ') - F’”F ,+e (2.98)

If V;f is identified with the rho-meson, we can assign the mass of the rho-meson and the prr coupling
constant from this Lagrangian:

m, = ag'fy, (2.99)
1
Jorr = 549 (2.100)

Notice that eq. (2.99) is in the form of spontaneous symmetry breaking mechanism. As this indicates, the
mass of the rho-meson is indeed realized via spontaneous breaking of (S U(2)y,); symmetry. Unphysical
modes are the scalar modes (0-) which are absorbed by the rho.

Here, the parameter a is independent of any symmetry discussions. However, for a = 2 the KSRF
relation [121, 122] (version 2)1 Ican be realized, which relates the rho-meson and the pion decay,

m; = 24" f7, (2.101)
and the universality of the rho coupling is accomplished:
9 = Yonr- (2.102)

Numerically, the value for g,,,, can be deduced from decay of the rho to two pions.

2.3.2 Introducing External Gauge Bosons

Since the global symmetry part (S U(2); ® SU(2)g) can be freely gauged in this framework, we can
introduce gauge fields (V,,, A,,). Isospin and hypercharge can be identified as the charges of the global

19 Addition of the kinetic term by hand is the main assumption of this approach. Notice that adding the kinetic term has no
effect on the low-energy dynamics of the theory.

""Here, we specified the rule as version 2 since a independent relation, version 1, says g, = 2f,,2gpm. This relation is found
if we include the external gauge bosons. a independent relation underlies the symmetry structure of the formalism since it is
derived purely from symmetry consideration. Moreover, two versions become equivalent when the rho-meson dominance of the
photon coupling is assumed (a = 2 dictates it) [119].
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symmetry. Therefore, V,, A, can be referred to the photon, W and Z bosons. Hence, there are two
different types of gauge bosons: external ones (V,,, A,) and hidden ones (V,,) which are coupled to two
different charges where sources are the global and local symmetries independently. The coupling of the
photon with V,, leads to vector-meson dominance.

The charge can be written in terms of hypercharge and isospin as Q = I5 + Y/2. The generalization
to the electroweak model can be seen in detail in [53, 124]. In this case ¥ = 0 and the electromagnetic
gauge field is denoted by B, referring to U(1) global symmetry. Hence, the covariant derivative is

D& p = (0, — gV, )EL g + ieoE L pB, T, (2.103)

where e, is the coupling constant of the global gauge interaction. Eq. (2.98) is generalized to (using
egs. (2.101), (2.102))

f7r

1
T, Ua”UT>——< )~ 7¢B. >+
(2.104)

2
+ 202 <B>+—<v (wx d'm) - 2
29

eO(B c(rx ')yt

When a is set to 2, this Lagrangian gives us po — v mixing which corresponds to the Lagrangian leading
to the vector-meson dominance in [125]. Accordingly, the rho-meson dominance is explained with no
further assumption rather than the assumption of hidden gauge symmetry approach itself and set of the
parameter a. The free parameter a = 2 value gives not only the vector-meson dominance but also the
KSRF relation and the universality of the rho-meson coupling. If we diagonalize the mass matrix of the
V;’ -B,, mixing term, we get

2

m, =0, mio =a(g® + &) f? . m. = ag’f2. (2.105)

Accordingly, mass eigenstates can be found as

= (5" +¢))P(gB, + e,VD).

_ (2.106)
= (5" +e)) PGV} — ¢yB,).

9¢o

V92+@o

Higgs mechanism of the electroweak gauge symmetry and the conserved charge is the electromagnetic
charge. For a = 2, we get

where the electromagnetic charge is taken as e =

~ ¢y. Thus, p — vy mixing is analogous to the

=0 (2.107)
m/g. (2.108)

gymr

Yyp

Using egs. (2.99), (2.100), (2.107) and (2.108) we can get

1 1
gp’;” =—, gi; =— (2.109)
n, 2gf; n, g
which lead to g
2 02 (2.110)
gpmr
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This is the famous KSRF relation [121, 122] (version 1; see 1]) which can be regarded as the low-energy
theorem of the hidden local symmetry framework [119]. Notice that this relation is independent of the
parameter a.

2.3.3 U(3) Extension of thes Hidden Local Symmetry

The U(3) extension was first done by Bando et al. in [126]. If we want to include only the w-meson,
introducing it as a U(1) gauge is more practical [127]. In this case, the hidden symmetry is extended to
SUQ2)yy@UM), (SUQ2),@SUR2)R),/(SU(2)y), If we want to include all of the vector-meson octet,
the symmetry is extended to (U(3); X U (3)R)g /(U@3)y))l . This extension includes the vector-meson
nonet as the dynamical gauge bosons and the nonet of pseudoscalar mesons as well. 1 become generators
of U(3) where a runs from 1 to 9. Moreover, h(x) € UQ3)y, (L,R) € (U(3)L’R)g, and f, = f; [53]. The
Lagrangian has the same form as in the previous case but with different structure for the elements. After
a gauge fixing procedure as before (unitary gauge), including external gauge bosons'* and expanding the
Lagrangian in terms of physical modes, we get:

Ly = (0,7 +ieglm, Q1B + ),

0Ly = af gV, — ey0B, ~ —=[m.8,m] + ). 2.111)
213

From these equations, masses and couplings for V,, and B,, can be deduced:
my = ag’fz, 2.112)
Gvan = %ag, (2.113)
my = aegf;2Q°, 2.114)
9Bin = a;ZeO' (2.115)

From the vector part of the Lagrangian, we get
2

gyey = agfr(1"Q) = %20"@ = 4gy (1 0). (2.116)

The (UQ)y), ® U (1) symmetry is spontaneously broken to U(1),,, and electromagnetic charge is
Ocm = @+ Ohidden-

a independent relations (U(3) breaking is taken into account [126]) can be written as:

9 39 __ s _1 2.117)

"In three-flavor case, the electromagnetic charge has the form Q = L+ If+ %(YL + Y®) with isospin and hypercharge for
the global symmetry so the source charges of V, and B, do not mix as in the two flavor case.
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2.3.4 General Form of the Hidden Local Symmetry Lagrangian

The Lagrangian of the hidden local symmetry considering the vector-meson nonet as the dynamical
gauge bosons and the photon as the external gauge boson can be written as [124]:
I, o 1 5 1 L) 30252
L= _4_1<F’“‘V> - 4_1<B“"> + Zf,r (6IJUE)“U )+ 5((mpV# - 2eg,,V,B" + mgB,))
+ Gl VI (T X 0, 70)) + Gy (B (M X D)3y + -+

(2.118)

e is the electromagnetic coupling constant, m,, is the mass matrix of the vector-meson nonet, mg is
the primary photon mass and 8, is the primary photon field. As we have seen in eq. (2.105), after
diagonalization of mass matrices the photon becomes massless. We can extend the hidden gauge
formalism to include axial-vector mesons as well [124, 128].
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CHAPTER 3

S-Matrix Theory and Unitarization of ChPT

During the pre-QCD era, and even before the quark model was introduced, hadrons were known to
exist. In particular, pion properties and scattering were studied in a wide range of aspects like pion-pion
partial waves, form factors, correlations with resonances, etc. One of the obstacles to study the strong
interactions was to apply perturbative methods. Therefore, a different approach was needed.

If we do not consider fields as the main element of the theory but transition amplitudes of the required
interactions, we can apply the S -matrix method (first proposed by Heisenberg [129]). This method is
based on the idea to exploit the general properties of the interaction in question without use of explicit
field definitions. It was built to satisfy principles of quantum mechanics, special relativity and causality.
Since the theory is dealing with asymptotic states, the short-range nature of the strong force should also be
one of the general properties of the interaction. Consideration of causality leads to the analytic properties
of scattering amplitudes. These analytic properties can be verified order by order in a perturbative
expansion or in axiomatic field theory. Therefore, after the well-established perturbative method of field
theories and dispersion relations, starting from the late 1950s, relativistic S -matrix theory was applied
rigourously and it is now understood that it brings a series of restrictions on the high energy behaviour
of hadrons. With the success of effective field theories in the low-energy regime, the S -matrix theory
started to receive a lot of attention again and turned out to be very useful. In this section, properties of
the S -matrix theory will be discussed and the application of S -matrix theory to ChPT will follow. We
follow mostly [98, 130].

3.1 S-Matrix Theory

3.1.1 S-Matrix

Since we are dealing with short range interactions, particles separated far enough in space are considered
to be free. These particles are considered to be incoming and outgoing states which are the states defined
long-enough before and after scattering such that they can be taken as free states. These states can be
described in terms of creation and annihilation operators !

a;,(p)I0) =0, Ay (P)0) = 0. (3.1)

"For rigour, there should be two vacuum states which are proven to be equal to each other by a phase factor since initial and
final states are associated to the Poincaré group.
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The commutation relations for these operators are

[@ijout (), @0 @] = 21 S(p — D). 3.2)

Incoming and outgoing particle operators are related to each other by a unitary transformation [131] (the
S -matrix is considered to be Lorentz invariant):

Sta, (k)S
NNER

Aoy (K), (3.3)
K. (3.4

Hence, the free states, which are created by the creation operators defined in eq. (3.2) (momentum
eigenstates), are also related to each other via the S -matrix. Therefore, matrix elements of S are transition
probabilities of these states:

s Pwdin = SIP-- > Pudout» (3.5)
out<p’1a---7p,n|p1’---5pn>in = 0u[<p,17-~~7p’n|S|p1>'--7pn>0u[' (36)

Asymptotic States

If we need to introduce asymptotic fields:

3
1 d’k (a'ﬁn/oute—ikx " ain/outeikx) , (3.7

@’ J 2k,

(I)in/out(x) =

and they are related to each other as
O, () =S"0, 5. (3.8)

These fields can be considered to be free fields of a Lorentz invariant field ®(x) with x = (f = 00, X).
Hence, for any state, these fields should satisfy the asymptotic condition

M (B, (D) = By ()Iy) = 0. (3.9)

3.1.2 Unitarity

The S -matrix can be considered in terms of its elements which indicate transition of an initial state i to a
final state f as
. 4.4

T is responsible for the interaction part and the factor in front of 7 is called the energy-momentum
conservation factor, where 6 ; is the part where the final state is unperturbed and identical to the initial
state. This separation is possible since initial and final states are momentum eigenstates. Therefore,
the position information is absent in the S -matrix. This makes it possible for the particles to be distant
enough and not interact at all. In the interaction part, T is related to the Lorentz invariant scattering
amplitude M with the choice of normalization factors of the states,

(3.11)

1 1
T, = M.
n la_ez[ V2P, g V2P0 g

The square of T gives the probability density of the reaction.
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If we consider eqs. (3.4) and (3.10), then unitarity takes the form:
Tpy—T), =iCm* Y 6 p, = pT}, Ty, (3.12)
n

where n are all possible intermediate states which are physically accessible (states that can be produced
at a given energy). The strong interaction is invariant under time reversal, therefore the S -matrix should
also be time symmetric, 7', = T;,. Hence, eq. (3.12) becomes

Ty = Th =2mTy; = 2m* > 64 (p, = p)T}, T (3.13)
and when f = i (elastic scattering):
2T, = 2m* > 6% (p, = pAIT,1 (3.14)
n

2py
S

p, from eq. (D.5) and using the Mandelstam variables (described in appendix D),

We can use the intermediate state phase space, p(s) = of state n with the center-of-mass momentum

s=(p +p), t=(p; - ps), u=(p;—py), (3.15)
to write eq. (3.14) in a more compact form:
Im7(s) = p(s)|T(s). (3.16)

If a two particle interaction is considered, we can project amplitudes into partial waves by integrating
out the 3-momenta angles of initial and final states and using the Legendre polynomials, and spherical
harmonics properties (the partial wave formalism is explained in detail in appendix E):

T/’ (s) = Z p()e () ()" (3.17)

This can be written in the matrix form as:
ImT(s) = T(s)Z()T(s)", (3.18)
where X(s) is the diagonal phase space matrix. For elastic scattering, eq. (3.17) becomes:

Imz,(s) = p()lty(s) . (3.19)

3.1.3 Causality and Analyticity

If we demand causality, it is usually taken to be represented as the commutator of field operators at two
spacetime points with space-like separation to be zero:

[O(x),P(y)] =0, for (x—y)*<0. (3.20)

This means that the space-like separated fields are statistically independent. This property is named
locality. A rigorous proof for the connection of causality and analyticity can only be stated in the
non-relativistic formalism and is studied in detail in [132]. There is no general proof for the relativistic

41



Chapter 3 S -Matrix Theory and Unitarization of ChPT

theory. We can only make deductions from perturbation theory or axiomatic field theory. The connection
between causality and analyticity in relativistic theory is called the Mandelstam hypothesis [133, 134] 2,

Interaction amplitudes are objects of the S -matrix which contain the physical dynamics of scattering
processes. In the coordinate space, they are related to the time ordered vacuum expectation value which
describes the absorption of a particle in one spacetime point and creation of another one in another
spacetime point3:

OIT{O(X)DY)}0) = (0IO° — x")[D(y), D(x)] £ PODY)IO) . (3.21)

0 is the Heaviside step function. Due to eq. (3.20), (0|[®(y), @(x)]|0) = O((y — x)z)f(y) where f(y) is
the integrand of the interaction amplitude. The latter part is the sum over all possible intermediate states
with total momenta p,:

OREPWI0) = Y | C, [P e P, (3.22)

This term vanishes when it is integrated over four momenta to get the scattering amplitude since both the
incoming and intermediate states should have a positive definite energy. Therefore, the amplitude has the
form

T(E) = f YT )OO W)e?” = f &y f dte'™'e™ ™Y (3.23)

The Heaviside functions dictate that # > 0 and the total phase of the exponential is positive as well. If the
integral in eq. (3.23) converges, it also converges for complex E with Im(£) > 0. This is due to the fact
that the latter condition converges faster than the former one due to the exponentially decreasing factor
¢ MEN A aresult of this, 7 is an analytic function in the upper half plane of complex plane. Therefore,
analytic continuation to positive imaginary values of the energy is possible. Defining E as having a real
and positive imaginary part corresponds to generating the future light-cone.

Let us consider only the time part, 7'(¢), and consider the Fourier transform of it:

T(t) = f " dEe " E'T(E). (3.24)

[ee)

Due to causality we should get T(t < 0) = 0. Therefore, T(E) cannot increase exponentially in the
complex plane due to eq. (3.24). For large enough negative t, this might not be the case. Therefore, the
interaction amplitude should be restricted to be bounded for a finite N as:

| TE)|<|s V. (3.25)

The analyticity of the interaction amplitude is related to crossing symmetry and dispersion relations
while the analyticity of the vacuum expectation value is related to the CPT theorem and to spin-statistics
[130].

In the perturbative method, the scattering amplitude is given by a series of Feynman diagrams and
contains all the dynamics of the process. Therefore, if individual perturbative elements are analytic,
analytic continuation of the amplitude is possible [135]. Hence, all analyticity discussions of the
dynamics are contained in the Feynman diagrams. Moreover, if an analytic function has singularities,
their structures are very important physically. Once it is realized that all the singularities of Feynman
graphs have physical origins, an amplitude of an interaction can be investigated by investigating analytic

?For a detailed study, see [131]
31t is an anti-commutator for fermions.
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properties of the corresponding perturbative diagrams (whether they are formally Feynman diagrams or
not) [135]. In addition, there are also kinematic singularities which should be taken into account.

Dispersion Relations

Since T(E) can be analytically continued to the positive complex plane of E, we can apply Cauchy’s

theorem for real E and get
. 1 T(E')dE'
T(E +i€) = — 9§ L (3.26)
2n Jc E' — E —ie

and we assume that T(E) — 0 as r — oo where E = re' to ensure that the curve of the contour integral
does not contribute.

3.1.4 Crossing-Symmetry

In the non-relativistic case, we can solve the radial Schrodinger equation for an arbitrary scattering
potential and make sure that solutions are asymptotic so that they are superpositions of incoming and
outgoing waves. Then, as mentioned, we can derive analyticity of the solutions rigorously and investigate
analytic properties of these solutions. Further details on this issue can be found in [130, 131]. On the
other hand, in a relativistic theory, the interaction potential cannot be arbitrary and restricted by unitarity
and causality. While examining relativistic features, we also need to consider crossing symmetry which
has important consequences on the relativistic potential.

In a two-body scattering process there are two Lorentz invariant independent parameters (Appendix D).
In the center-of-mass frame (cms), these parameters can be defined to be the total momentum transfer
(¢g) and the scattering angle (6) * We can use the Mandelstam variables, eq. (3.15), to describe a2 — 2
scattering. There are only two independent parameters since the Mandelstam variables are connected via
energy-momentum conservation and the mass-shell conditions. Hence, they satisfy

s+t+u:2m$, (3.27)
i

As a result, they lie on the same plane and there is a physical region for each scattering as indicated in
fig.D.1.

From field theory, it is known that particles with the same mass and opposite propagation direction can
be considered as anti-particles of each other (negative energy is assigned to an anti-particle). Therefore,
a scattering amplitude T,,_,.; of a(p;) + b(p,) — c(p3) + d(py) in a specific physical region on the
Mandelstam plane is equal to scattering of Tz_;, With a(p;) + &(—p3) — b(—p,) + d(py) and T 5}
with a(p;) + d(—p4) — b(—p,) + c(p3) in different physical regions as in fig.D.1. Due to causality, all
three amplitudes are analytic. The Mandelstam hypothesis says that these three amplitudes are connected
by analytic continuation to unphysical region, hence there is a single analytic function 7T'(s, t, u):

T ,psca(s,t,u), s=(p; + p2)2 > (m, + mb)2 ,1<0,u<0 s-channel,
T(s,t,u) =T o,5q(ts S, 1), t=(p + p3)2 > (m, + mc)2 ,§<0,u<0 t-channel, (3.28)
Toioictst,s),  w=(py+py)* = (m,+my)*,s<0,1<0 u-channel.

The scattering amplitude 7 (s, t, #) has to satisfy the unitarity condition for all three physical amplitudes
which are different in every physical region.

*For n, — n, reaction, counting the number for Lorentz invariant independent parameters is given by 3(n, + n,) — 10.
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Chapter 3 S -Matrix Theory and Unitarization of ChPT

Moreover, the CPT theorem says that the interaction a + b — ¢ + d is the same as ¢ + d — a+Db. So, if
we consider both CPT and PT invariances (reversing the interaction direction), 7'(s, t, #) represents 12
different interactions in total.

3.2 Singularities of the Scattering Amplitude

There are two types of singularities of the S -matrix. One type is due to the kinematic properties of the
scattering, mainly characterized by the masses of the scattered particles, e.g. triangle singularities. They
are called branch points. The other type is due to the dynamics of the interaction and named as poles. An
observed structure in an experiment is identified as a physical state if and only if it is explained by a pole
in the S -matrix theory [136].

We considered analyticity and unitarity of single parameter functions. Also, Cauchy’s theorem applies
only to single variable complex functions but it is stated that a two-particle scattering amplitude has two
independent parameters. To be able to apply Cauchy’s theorem we have two options. Either, we should
fix one of the parameters (keeping s as a variable where ¢ is fixed) or we should consider partial waves
since the scattering angle is integrated out and there is only one independent parameter left in the partial
wave formalism.

3.2.1 Branch Points and Branch Cuts

Free Propagator

Let us consider the two-point function of scalar fields, as in eq. (3.21) but this time by using the fields in
eq. (3.7):

$(x) = Pipn(X) + Poye(X) . (3.29)
Hence,
AT (x—y) = —KOIT(PI$WNO), (3:30)
= i TP 1 oy — gy ™ 1 0~ 1" ), (331)
o R 00 ’ '
= O(xy — Yo)A, " (x — y) + Oy — XA (x — ), (3.32)

where A, means A in position space. We have already shown that this function can be analytically
continued into the complex p, plane. In this case, two poles appear at p, = £E, and we can write the
time part as a contour integral over p, with the indicated poles:

1 —ipo(Xo—Yo)
| o~ PoXo=40) Ee =ty o> o (3.33)
—_— — = 1 . _ ’ .
2ni Jo (po — Ep)(po + Ep) Eelpo(xo ”O)IPOZE X0 < Yo
P

Combining this with the spatial part and using the Feynman prescription (which means p" is no longer

on-shell) gives
d e
Agree)(X—y):f p4 2 2, .
@2r)" p*™ —my + i€

—ip(x—y)

(3.34)
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3.2 Singularities of the Scattering Amplitude

or in momentum space

1
A(free)(pZ) = — —. (3.35)
p-—my+ie
On the p2 plane, there is a single pole which describes a stable state.
Kallén-Lehman Representation
This time, let us consider a two-point function of interacting fields:
Ap(x —y) = —Kw[T{p(X)p}w) , (3.36)

where |w) is the ground state of the interacting theory. Inserting the completeness relation which includes
all single- and multi-particle states in between the fields and omitting the ground state gives

3 —ip(x—y)

- . p 2
Ap(x—y) =i Z o 2B, RO (3.37)

In the Killén-Lehman representation the spectral function p(pz) is defined as

p(p*) = > 6(p" = mpel Ol (3.38)
n
which is normalized to one. The full two-point function has the form
d4 . . Yo'e , /2
M-y = [ Sy [Cgyr PP (339)
2 72 .
2m) —co p-—p = —+ie
or in momentum space
00 72
A(p®) = f ap? ) (3.40)
—00 p-—p  +ie

Note that p'2 = pﬁ > (nm)2 which is the invariant mass squared for the state with mass m. Therefore,
it cannot be negative so that the integration limit is actually from O to co. This limit means, eq. (3.40)
defines a future light-cone as well. This representation of the two-point function is the Killén-Lehman
representation.

The lowest possible contribution to the spectral function is the one-particle state
6(Png = Po)
o) = 2nr' | opwo = Po) _

2E,,

sm* - p?), (3.41)

d’p, 5*(p, -
P P = )y o140)p, ) =
(2m)

2E,,

and the next contribution starts from the two-particle threshold, 4m” and has a continuous spectrum
afterwards. Consequently, the spectral function has the form

p(p*) = Z8(m* — p*) + p(p* = 4m®). (3.42)
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Hence, eq. (3.40) becomes

72

Z - ()

A(pz):ﬁ-kfzdp 2#. (343)
p —m +1e 4m p —p +Ie

Z is the wave function renormalization constant which basically represents the probability for a state to
be created by ¢ from the ground state of the theory.

The Analytic Properties of A(p?)

A( pz) is analytic in the complex p2 plane with a singularity at p2 = m”, a branch point at p2 = 4m’, and a
cut starting at this which continues to infinity. The branch cut singularity causes a discontinuity along the
real axis of p2 starting from the branch point. The physical value of the two-point function is given by
the real value of p2 when it is approached from the upper half plane of p2. Therefore, the discontinuity
can be calculated as:

discA(p?) = AP +ie) — A(p* - ie)
Y I 1 1 .
= f , dp 2p(p 2 > 4m2) o —— % | = Zzzrp(p2 > 4m2)
Am p —p —i€ p —p +ie
= 2ilmA(p® > 4m?). (3.44)

This is due to the fact that for complex values of p, we get a multi-valued function. Instead of considering
a multi-valued function, we define branch cuts connecting the branch points and introduce Riemann
sheets which are connected to each other along these branch cuts. Riemann sheets ensure that there is
no discontinuity along the branch cuts. Branch cuts appearing due to the multi-particle thresholds of
s-channel processes are called right-hand cuts (RHCs).

This can be seen from eq. (3.17). When there is a new opening channel, there must be an addition to
the right-hand side of the equation. Hence, to preserve the equality, the left-hand side needs additional
terms. These terms are additional singularities of the scattering amplitude, corresponding to branch
points. Accordingly, branch cuts are sometimes called unitarity cuts since they are imposed on analyticity
by unitarity.

Let us say that there is a complex function f(z) which is defined on the first Riemann sheet. The
continuation of this function to the second Riemann sheet is denoted as f;;(z). They are connected to
each other along the cut as

lim f,,(z—ie) = lm f(z+ie) (3.45)
e—0* e—0"
= lim f(z - ie) + discf(2) . (3.46)
e—0"

By this definition, analytic continuation of a single valued function along a branch cut is also possible by
changing from one Riemann sheet to another. The first sheet is usually called physical sheet and all other
Riemann sheets are called unphysical sheets. There can be several unphysical sheets which are defined
separately by how they are connected to physical sheet. For details of complex analysis we refer to [137].
Moreover,physical amplitudes satisfy the Schwartz reflection relation

T(S*, to, Mo) = T*(S, to, uo) . (347)

Therefore, if there is a complex pole on the first Riemann sheet, for a fixed 7, there must be conjugated
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3.2 Singularities of the Scattering Amplitude

pair of it on the second Riemann sheet for values of s over the RHC.

Besides the RHC, if we also consider the Mandelstam hypothesis and crossing symmetry, there are
other cuts which appear on the real axis. This is due to the fact that when a single amplitude represents
three channels and each channel has a RHC of its own, the physical threshold in one channel will appear
as a left-hand cut (LHC) on another. For example, if 7'(s, ¢, ) represents the scattering amplitude of two
pions, there is a physical threshold for u > 4m*. For a fixed ¢ = fy, this branch point will appear in the s
plane at s = —1, (see eqs. (3.27) and (3.28)). To put it another way, the u-channel RHC will appear as a
cut from s = —oo to § = —1, in the analytic structure of 7'(s, ¢, u). A single pole at u = m?* will appear on
the s-plane at s = —#; + 3m®. When partial-wave amplitudes are considered, ¢ is integrated over, hence
there is only one independent parameter. Therefore, the LHC falls into the negative axis of the p2 ors
plane, starting from s = 0 to —co. LHCs are below the physical threshold region, however, they can still
influence the physical reactions.

4 Im(s)

¢ -ty m? - top+r3m? 4m? >Re(s)

v

Figure 3.1: Analytic structure of T'(s, £, ) in the complex s-plane.

To summarize, in the inelastic region, if we consider eq. (3.12), T; and T, ;. are only connected via
analytic continuation. If we are in the complex s-plane, 7'; is in the physical region (limit to the real s axis

is approached from above, lim__,; T'(s + i€, t;)) and Tff is in the unphysical region (limit is approached
from below lim__,, T (s — i€, #)). This property is called hermitian analyticity [138]. As a result, there is
a discontinuity on the left-hand side of eq. (3.12). In the elastic region, eq. (3.19), T is real on the real
axis below the threshold due to the Schwartz reflection principle, eq. (3.47). Finally, for a fixed ¢ = ¢,
crossing symmetry relates a value of T'(s + ie, t;)) in the physical region of s to a value of T'(s — i€, t;) for
s < 0 by crossing from the upper half-plane to the lower half-plane in between the branch cuts. Therefore,
the lower half plane should also be analytic, since the u-channel reaction obeys causality as well. As a
result, the scattering amplitude is an analytic function of the whole s-plane except for the singularities
and branch cuts. The values for these two functions (reactions) are determined by the boundary values of
T(s,t,u). These properties are most easily represented in the form of dispersion relations. We will briefly
introduce dispersion relations in section 3.3.

In a perturbative series, these branch points can be located in the complex plane of the unphysical
Riemann sheets due to loop diagrams. If we study higher order diagrams like loop diagrams, there also
appear other kinematic singularities. They are more complicated and called Landau singularities, such
as the triangle singularity. The behaviour of these singularities, away or near threshold can be studied.
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For a detailed discussion, we refer to [135], [139]. In summary, every singularity of Feynman diagrams
has properties such as their position, which is exclusively related to the kinematics, and their behaviour,
which is derived from the dynamics of the interaction.

3.2.2 Poles

Poles are rooted in the dynamics of an interaction. Causality and the Schwartz reflection theorem restrict
the location of singularities on the physical Riemann sheet. They can only lie on the real axis. As stated,
the interaction threshold lies above the unitarity cut. Therefore, poles on the real axis can be below the
threshold and they are related to bound states. There can be also poles appearing on the unphysical
Riemann sheet. If they lie on the real axis, they are called virtual states. Unlike the physical sheet, the
unphysical sheets can have single poles in the complex plane as well. These poles correspond to unstable,
non-normalizable states, identified as resonances. Due to hermitian analyticity, if there is a pole at a
complex value of s, there should be a pole at the conjugate value s* as well. Even though a pole is on the
unphysical sheet, their effects can be seen on physical values since the scattering amplitude is analytically
continuous. If a pole in the complex plane is isolated and far from threshold, its effect is seen as a peak in
the scattering amplitude and the width of the peak is related to the lifetime of the resonance.

Bound States

We have seen in section 3.2.1 that single particle states are realized as poles whereas many-particle
continuum states are realized as branch-cuts in the scattering amplitude. From eq. (3.40) we see that the
spectral representation of the free scalar propagator is

Ap(x — _I/) = f_p4€—l]7()€—y) f dp/z# s (348)
(2m) —co p —p  —+ie
© o p(p?)
0 p —p +Ie€

Moreover, we know the equal-time commutation relations (xO = yo) for interacting scalar field operators:

[¢(x), )] = O, (3.50)
d
[¢i§),¢(y)] = iF(x-y). (3.51)

If we take the derivative of eq. (3.48) with respect to x° with the equal-time relation and use the
commutation relations above, we get:

OAp(x — ) T (¢()py)}Hw)
—— = i 5 , (3.52)
ox ox
f dp’p(p s x-y) = &x-y). (3.53)
0
This relation ensures the normalization of the spectral function p( pz):
fo dp”p(p'h) = 1. (3.54)
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3.2 Singularities of the Scattering Amplitude

When an interacting theory is considered, as stated, the spectral function becomes

fo dp”p(p'") = Z6(p" - ) + f4 dp”p(p"). (3.55)

Hence, eq. (3.54) puts a constraint on the renormalization constant Z:

00
1=Z+ f dp”*o(p’). (3.56)

4m?
Therefore, we can state that a single particle state contributes to the scattering amplitude proportional to
its wave function renormalization constant which can be extracted from the residue of the pole as

Z= 21ir112(p2 - mHAPY). (3.57)

p —m
In an interacting theory, any contribution from the spectral function integration is non-zero. Therefore,
0<Z<1. (3.58)

From field theory perspective, Z = 1 means a single free particle state. On the other hand, Z = 0
case can be interpreted as a possibility of the existence of a field with Z = 0 which does not appear in
the Lagrangian. The corresponding states are called composite states. This case was first considered
by Houard and Jouvet [140] (also see [141]) and applied to non-relativistic case by Weinberg, where
the deuteron is explained as a proton-neutron bound state [142]. Z = O case is actually not applicable
in QFT. Z must be interpreted as the coupling constant of a bound state to its constituent particles.
However, this is not possible in perturbative sense since Z = 0 indicates that the bound state couples to its
constituent particles in maximum possible limit of the interaction. The compositeness relation is derived
in relativistic field theory approach in appendix F.

In his pioneering work, Weinberg found that the Z value has to be small for the deuteron and related
this value to the compositeness of a particle in a non-relativistic approach [142]. This enables us to
decide if a particle is elementary or not even in a low-energy scattering experiment. For small binding
energies (hence, S -wave states only), these calculations are shown to be model-independent [142]. This
work was then generalized to resonances and elaborated for various cases [143], [144], [145], [146] and
references therein.

Resonances

It is easier to understand the nature of resonances in an elastic partial wave scattering. In this section, we
will assume equal masses for the scattering particles. Since #; has a complex value, it can be written in
terms of its modulus and a phase as t; = |tl|e’61. So, eq. (3.19) becomes:

¢ sin(6;)
in(6,) = = —= 3.59
sin(6;) = p(lfyl = o0s) ( )
_ 1 2i5, _ sin 61616[
t(s) = m(e D= o) (3.60)
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where 9, is the scattering phase for angular momentum /. Due to the partial wave expansion (eq. (E.36)),
we get

1
4(s) = % f1 dcos 0P (cos )T (s,1). (3.61)

Integration of the scattering angle from —1 to 1 is equivalent to integration of ¢ from —(s — 4m2) up to
t = 0 (see eq. (D.9)). Therefore, #,(s) has the same analytic properties as 7'(s, f) has. It is real on the real
axis in the region 0 < s < 4m® and complex otherwise. Since it has real values in a finite region it obeys
Schwartz reflection principle, eq. (3.47). Hence, eq. (3.19) can be defined in terms of discontinuity of
t(s) as

1
E(II(S +i€) — t;(s — i€)) = p()t;(s + ie)t)(s — i€). (3.62)
i
This allows to give a formula for #,(s + i€):

(s — ie)
1 = 2ip(s)t(s — ie)

t(s + ie) = (3.63)
Let us interpret this equation in terms of complex functions and consider s as a complex number with
sufficiently large negative imaginary part. In this case, #,(s — i€), which lies in the lower half plane of
the physical sheet will shift to lower values in this plane. On the other hand, #;(s + i€), which is in the
upper half plane of the physical sheet, has to cross the cut and therefore moves to the second Riemann
sheet. Hence, eq. (3.63) defines the analytic continuation of partial waves from the physical sheet to the
unphysical sheet. Accordingly, the analytic properties of #,(s) on the unphysical sheet can be deduced
from its analytic properties on the physical sheet.

Both sheets contain the same cuts since #;(s + i€) and #;(s — ie) have the same cuts. However, due to
eq. (3.63), #,(s + ie) contains poles with complex values unlike #,(s — i€). These poles are located at

1 = 2ip(s)t,(s — i€) = 0. (3.64)

To ensure the Schwartz reflection relation, in the upper half plane, the spectral function is the usual
function p(s) whereas in the lower half plane it is defined as —p*(s™).

These poles, on the unphysical sheet, are defined as resonances and their contribution to the partial
wave amplitude with angular momentum / can be defined as

,
2 . ’
s — Mg + 1 VL es(5)

where r is the pole residue, m, is the mass of the resonance and the imaginary part of the self-energy is
related to the width of the resonance. The residue depends on the coupling constant, the coupling of the
resonance to the initial state. Therefore, the position of a pole also depends on the coupling constant
value. The pole position matters for the interaction amplitude. As the pole gets closer to a branch-cut, the
interaction amplitude is increasingly affected. From the Schwartz reflection principle, we know that there
are two poles in the complex plane. However, if its real s value is above the branch-point, then the pole
in the lower half plane affects the interaction amplitude more, since it is closer to the physical sheet. If its
real s value is below the threshold, both poles are at the equal distance point from the branch-point.

t(s) = (3.65)
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Resonances and Unitarity

Eq. (3.59) tells us that unitarity applies boundary conditions on the interaction amplitude:

1 som?
< - 251, (3.66)
o
1 son? 1
Ret, < 2_p — 5 . (367)

These bounds also hold for inelastic interactions. A strongly interacting theory can be identified by
saturation of these bounds. We can state that unitarity relations indicate that partial waves shall be
bounded as energy increases. Especially in sharp resonance regions, phase shift rapidly increases in
energy from O degrees to around 180, see fig.2.4. This shows that in resonance regions an interaction
becomes as strong as possible and that means resonances saturate the unitarity bounds. Therefore,
unitarity is crucial in examining resonances and vice a versa.

Virtual States

The only other possible place for a pole to exist is on the real axis and below the threshold of the second
Riemann sheet. These poles are called virtual states. By considering non-relativistic scattering theory, it
can be seen that the wave function of virtual states is in an asymptotic form such that at large distances the
wave function increases exponentially. Hence, they are non-normalizable. Especially for small energies
of virtual states, they might have observable effects on scattering amplitudes, e.g. the neutron-neutron
scattering pole in the isospin-1 and spin-0 channel.

3.3 Dispersion Relations

In section 3.1.3, we only defined how to apply Cauchy’s theorem to an analytic function. This method is
very useful once the analytic structure of a scattering amplitude is known since it relates a single value of
a function to an entire contour integral of that function. However, Cauchy’s theorem is valid only for
single variable functions. Therefore, either one of the variables has to be fixed, ¢ = ¢, (e.g. t = 0: forward
dispersion relations) or partial waves dispersion relations (e.g. Roy equations) can be used since the
scattering angle is integrated out in the partial waves expansion. In terms of the Mandelstam variables,

dispersion relations read:
1 NGNS
T(s, 1) = =— 56 PREACKLLDN (3.68)
2mi s —s

Here, the complex integral is over a contour. We know from complex calculus that if 7'(s, t, u) goes to
zero faster than 1/s as s goes to infinity, the contribution from the circular path approaches zero as the
radius approaches infinity.

We have already seen that for scattering of two same mass particles with partial wave expansion, there
is a LHC from —co to s = 0 and a RHC starting from the threshold of two identical particles s, = 4m* to
oco. This is the analytic structure without any poles. Its dispersion relation can be written as:

0 / 00 /
n = [ ay I [ D, (3.69)

7)o s —s n s —s

where the contour is depicted in fig.3.2. Integrals around cuts are in opposite directions above and
below the real axis. Moreover, when the Schwartz reflection principle is used, we are left with twice the
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*S

Figure 3.2: Contour for #,(s) in the complex plane, on the first Riemann sheet.

imaginary part of the amplitude and the real parts cancel each other. Hence, this relation provides partial
wave amplitudes anywhere in the complex s plane except on cuts. On cuts (for real values of s), the 5" — s
terms diverge. However, if the contour is deformed and the s” — s + ie prescription is considered:

1 1
=PV +ins(s’ = s5), (3.70)

s’ — s —ie s’ —s
where PV stands for the principal value. The second term on the right-hand side of this equation takes
Im¢,(s) of the second term on the right hand-side of eq. (3.69) out of the integral. This term cancels out

with the imaginary part of the left-hand side of eq. (3.69). Thence, on the real axis dispersion relations
provide Re(#;) from Im(#)):

0 ’/ 00 ’
e = L [( /MO Ly [ Iy ar

00 s =S s =S

In some cases T'(s, f) does not converge to zero faster than 1/s as s goes to infinity. In fact, it may even
diverge. This can be cured with subtraction constants. When subtraction constants are used, Cauchy’s
theorem is not applied to T'(s, ¢, u) but to T'(s, ¢, u)/(s—s,). Here, s is a convenient subtraction point which
is usually taken at s = O or at s = s,. Thus, it is enough for the circular part to vanish if 7'(s, ¢, u)/(s — sg)
goes to zero faster than 1/s. We can repeat this procedure as many times as required. However, Froissart’s
theorem tells that two hadron scattering amplitudes cannot grow faster than logz(s) [147]. Therefore, to
guarantee the convergence, two subtractions are enough. Nonetheless, we can do more subtractions. The
more subtractions are used, the more high energy contributions are suppressed. All subtractions can be
made at the same point, which is usually the case. The behaviour of functions should be well-known at
each subtraction point to ensure convergence. The behaviour of amplitudes at subtraction points can be
investigated from EFT. Therefore, to combine analyticity and EFT subtraction constants play a major
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role. Once subtracted and twice subtracted dispersion relations are respectively given as:

_ 0 / _ o ’
) = 1)+ 5= S0 f ds Im(z,(s)) N 5= 5o f ds : Im(t,(f ) ,
T Jeo (8= 9" = 5p) s (8 =9 = 50)
I ’
n(s) = 1(sp) + (s —sf(sy) + b SO)(S — f (s' - s)(Isl'l(il(;o))ES' —-57)

(s— SO)(L.V - 5)) foo ds’ Im(tz(s )

(s = $)(s" = sp)(s" = 57)

In case of different masses, there will be an additional circular cut with s = |m% - m%l and there can be
poles related to bound states which should be encircled outside of the contour and their contribution is
proportional to their residues (a once subtracted equation is considered):

- 0 Im(z,(s” - o Im(z,(s"
l‘[(s) = l‘[(so) + 7~ % f ds’ 7 m( l(f ) + 77 % f ds'—, m( l(f ))
—_—— T Jw (5 —8)(s —5p) T Js, (5 =9 =)
subtraction constant
LHC RHC
+ C(s) + P(s) . (3.72)

S~~—— S~——
Circular Cut  bound state poles

As aresult, dispersion relations can give a rigorous scheme for calculating scattering amplitudes on the
first Riemann sheet with relevant constraints. We can use partial wave S -matrix properties which allow
for a continuation to the second Riemann sheet and investigate resonances and bound states. Since ChPT
is accurate at low energies, subtraction constants can be obtained from it for low s values. Afterwards,
we can use dispersion relations to obtain the higher energy behaviour of the interaction. We want to
underline one thing before closing this chapter. Dispersion relations are consequences of causality; they
include no interaction dynamics on their own.

3.4 Unitarization of ChPT

3.4.1 Unitarity in EFT

Let us start with a strong statement that any perturbation theory violates unitarity. It is straightforward to
see the reason. Let us remember the elastic unitarity condition eq. (3.19):

Im,(s) = p(s)lt(s) . (3.73)

Now, if a calculation is performed at the leading order in any EFT or QFT, the result is real. Once the
next-to-leading order term is considered, with the inclusion of loop diagrams, the imaginary part comes
in. Therefore, at the leading order, the left hand side of eq. (3.19) is zero whereas the right hand side is
not and unitarity is violated. Hence, unitarity can only be satisfied perturbatively within a perturbative
theory:

2ImT = T'T . (3.74)

However, in perturbative theories like QED, the perturbation parameter is small (4 = @ =~ 1/137) so that
this can be discarded.
On the other hand, in ChPT A = p. That means that the amplitude is defined in polynomials of s.
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Therefore, at some energy level unitarity will always be violated and this violation cannot be discarded
anymore since the 4/A value is not small. To satisfy unitarity in ChPT we need to take into account
the higher order terms in the power counting. Consider that #;(s) = tgz)(s) + t§4)(s) + t}é)(s) + --- where
% = 0( p"). Consequently, 7,(s) has to be calculated up to a needed order. This termination in the power
series prevents us from conserving unitarity exactly. Consequently, as stated before, unitarity has to be

preserved perturbatively:

m'?(s) = 0,
mi’(s) = ps)(s),
mi%s) = 2p()8”(s)RettV(s), ...

If we are considering coupled channels, these relations can be written in matrix form:

Im7®(s) 0,
ImTWs) = TOZ(s)Ts) ...

The imaginary part of scattering amplitudes comes from loop diagrams with different intermediate states.
According to the equations above, the imaginary part of these loops can be calculated from lower order
amplitudes. It is expressed figuratively with unitarity cuts which are cuts that divide bubble diagrams into
two as seen in fig.3.3. However, even if unitarity is not restored, ChPT can be used to provide subtraction
constants in dispersion relations.

+

Figure 3.3: s-, t-, and u-channel unitarity cuts.

Unitarity Bounds and Resonances
3.4.2 Unitarization of EFTs

It turns out that analyzing the inverse of the interaction amplitude is useful [105-107, 148, 149]. Eq. (3.17)
can be written as (using Im(%) = %):
<

1

Im[—— ] = —p(s). (3.75)
(fz(s))

This equation shows that the unitarity condition allows the imaginary part of the inverse of a partial wave

amplitude to be known exactly. Moreover, we can say that the imaginary part of an inverse amplitude

does not include any dynamics. It is just the phase space. Therefore, for physical values of s, any elastic

partial wave should satisfy:
1
1(s) = S — , (3.76)
Re(t(s)) ~ —ip(s)
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3.4 Unitarization of ChPT

which has the form for n open, two-body state channel with an n X n T-matrix (again, for physical s
values):

T(s) = [Re(T(s)“) - iE(s)]_l . (3.77)

On the right hand side of eq. (3.77), Re(T(s)_l) is the only term which includes dynamics of the
Lagrangian of an EFT. Hence, the effective Lagrangians provide only the dynamics for Eq. (3.77) and
unitarity is preserved by the same equation even though the power expansion of the effective Lagrangian
is not unitary. There are different unitarization methods with different approximations to calculate the
interaction dynamics which are a part of eq. (3.77). These approximations should be considered carefully
to calculate Re(T(s)™") and applying the unitarization method in a specific energy region.

For example, the K-matrix method takes K = Re(T(s)_]) as a simple analytic and real function. This
method is very simple since "any" function that explains resonances and thresholds of the system can be
used with parameters to be fit by the data on real axis and an approximation for a pole can be achieved.
Therefore, it is merely used in experimental data analyses. However, this method is valid only on the real
axis above the threshold since no LHCs or circular cuts are considered. Moreover, the real part of an
analytic function is not necessarily an analytic function. In many cases by considering only the real part
analyticity might be violated. Therefore, these approximations are fair only if the poles are narrow and
far from left cuts and thresholds.

The choice of method and its limitations should be carefully considered. This method dependence
might look like vagueness in defining unitarization process, but these approximations can be constrained
with the consideration of analyticity, terms from ChPT, symmetries of interactions, and so on [98]. The
more constraints are considered, the better results will become. Consequently, a well motivated effective
field theory, like ChPT, is needed to calculate Re(T(s)_l).

3.4.3 Chiral Unitary Approach
Unitary Chiral Perturbation Theory

Let us start with single channel scattering to calculate Re(t(s)_l) in eq. (3.76). Considering up to next-
to-leading order (NLO) ChPT, the contributing diagrams are tree level diagrams from the leading order,
loop diagrams which are constructed with vertices of leading order, and the tree level diagram with one
NLO vertex. Loop diagrams include divergent integrals, and therefore they need to be regularized. This
regularization introduces a scale parameter, which is represented by u. Tree level diagrams with one
NLO vertex include low-energy constants and also depend on the regulator. These constants, as explained
before, absorb all divergences and contain information about the fundamental theory, in this case QCD.
Moreover, the regulator dependence of NLO tree level diagram cancels out with regulator dependent
terms of loop diagrams. Therefore, up to NLO, a renormalized calculation is finite and does not depend
on any extra parameters except the parameters of ChPT itself.

XX 0 O XX

Figure 3.4: Up to NLO meson-meson scattering diagrams.

If all these factors are included in an elastic scattering process, up to NLO, ChPT amplitude in p2

55



Chapter 3 S -Matrix Theory and Unitarization of ChPT

series can be written as

t=1P 4+ 4. (3.78)
and expansion of Re(r™") up to NLO is
1 Re™
Re(t )~ — - —— + 3.79

If we insert this in eq. (3.76) we get

1 (@2
t= = . (3.80)
) 2 4 . 2)\2
72D _Ret® 4. —ip 1P —Rer™ —ip(r?)

Remember that the perturbative unitarity relation gives

Ims® = plf?%. (3.81)
Hence,

(@2

t (3.82)

O _ @

This equation is called the elastic inverse amplitude method (IAM) [105, 148, 150]. If this equation is
expanded at low energies, it matches with the ChPT expansion.

As stated while discussing the K-matrix method, the real part of an analytic function is not necessarily
analytic. Nevertheless, eq. (3.82) is an analytic function. Same formula can be derived by using dispersion
relations [150]. However, there is an important difference. Eq. (3.76) is valid only on the real axis and
above the threshold, whereas eq.(3.82), when derived from dispersion relations, is valid all over the
complex plane. Since both 1 and 1 are calculated from EFT, both the RHC and LHC are present. In
the IAM, the RHC is exact for the elastic case and the LHC is approximated up to NLO order of ChPT.
In dispersion relations, the result of this approximation on the LHC can be suppressed by subtraction
constants [150]. This might be an issue only if the pole of a resonance is very close to the LHC. The
reason for this issue with the LHC is due to the violation of crossing symmetry when the unitarity
condition is imposed on the real axis above the threshold. If the analyzed pole is observed to be close to
the LHCs, in [151], they have proposed a method to combine the crossing symmetry constraints with
the unitarity condition. In this method the LHC is calculated by ChPT, hence it is well-behaved in the
low-energy regime.

Since eq.(3.82) is analytic in complex plane, analytic continuation is possible. By fitting the elastic
scattering data using IAM and considering analytic properties, the rho resonance can be identified as
done in [105, 148, 150], see fig.2.4. As can be seen in the plot, by using only ChPT it is not possible
to explain the rho-meson but it is explicit in NLO IAM. In the resonance region, unitarity bounds are
saturated (see section 3.2.2). Since resonances are described by poles on the second Riemann sheet, they
cannot be explained by polynomials but only by singularities as in eq. (3.65). Therefore, calculations
performed only by using ChPT is not consistent with the data in higher energies when there is a pole. To
generate the resonance behaviour of the scattering amplitude we need unitarization methods. As a result,
it is possible in elastic IAM to calculate higher orders systematically. There are no scale-dependent
parameters (except the ones coming from ChPT), since the calculation is renormalized and analytic. For
a discussion on unitarization methods, see also [107].

If elastic scattering is generalized to coupled channels, egs. (3.80) and (3.82) have the form, respect-
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ively:

T = T90% -Rer™ —iTPs1?)~'7? (3.83)
T = 190%-1%)7"'7?. (3.84)

With full one-loop S U(3) ChPT consideration in a unitarized form generates poles on the second Riemann
sheet [108, 152]. These results are obtained by fitting the scattering data in inelastic IAM. Fitting error
and systematic error for the LECs can be found in [152]. The LEC values are in good agreement with
ChPT.

In coupled channel IAM, there is no dispersion relations based derivation available. The N/D method
(we explain this method later in this section) which is, the closest form yet that can be gotten to coupled
channel dispersion relations. Moreover, each LHC is unique to a specific channel and they are mixed
when the inverse of the scattering amplitude matrix is calculated. Fortunately, the contribution from
the LHC is numerically small most of the time. With all these problems, coupled channel IAM is not a
very practical method and for some EFT or chiral Lagrangians, which are not as rigorous as ChPT, full
one-loop calculations might be problematic. To have decent and convergent results, sometimes NNLO
calculations are needed (for example in the EFT with nucleons), full one-loop calculations might lead
to complicated functions or there might not be a systematic calculation at all (with chiral Lagrangians
which are not EFTs) [152]. Therefore, simpler unitarization methods can be achieved by abandoning
sound renormalized calculations.

Chiral Unitary Approach

As discussed above, if the pole of a resonance or a bound states is far from the LHCs, the contribution of
LHCs will be small. Therefore, left-cut properties in NLO can be disregarded, while resonance properties
are analyzed. This results in the elimination of crossed channel loop diagrams. The price to pay for this
approximation is the full renormalization scheme. Divergences are not totally absorbed in the LECs
anymore and calculations become cutoff () (or subtraction constant), dependent. Thence, an NLO
calculation is not fully renormalizable anymore. If renormalized values for masses and constants are used
directly and as long as the origin of those values are not important for our purposes, tadpoles will not
change the results. Therefore, tadpoles can be omitted as well. As a result, there are only three diagrams
left to be calculated: tree diagrams with LO vertices, tree diagram with the NLO vertex and s-channel
loop diagram:

t~ 1P+ D D (3.85)

tree s-ch loop *

Figure 3.5: Chiral unitary approach diagrams.

Moreover, if we separate on- and off-shell parts of the amplitude as f(on-shell) and f(g) — f(on-shell),
the loop term can be calculated with the on-shell factorization. Let us explain this statement briefly. If we
consider the on-shell approximation ( p2 = mz), the off-shell part (proportional to p2 —mz) cancels out with
one of the meson propagators in the denominator of the loop integral. In this case this diagram becomes a
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tadpole diagram. This part is explained in the next section. Thus, the integral over the momentum of the
off-shell part can be factorized in physical values like mass and decay constant. Considering dispersion
relations and unitarity, on-shell factorization can be derived for the inverse amplitude [109, 153]. As a
result of this factorization, the s-channel loop diagram can be calculated by separating the external legs
and the loop part:

1 ooy = 17617, (3.86)
where G is: .
G=i f 44 ! : : (3.87)
(27r)4 q2 - m% +ie (P — q)2 - m% +ie

The loop diagram preserves the unitarity since Im(G(s)) = p(s). G is not a convergent integral.
Hence, we need to regularize it. This regularization brings a regulator term, a scale i which the result is
dependent on. Hence, the result is cutoff dependent which is expected since fully renormalized calculation
is abandoned. We said that Im(G) gives us the phase space where ReG is used in the series expansion of
eq. (3.79) as:

Re(r) = 1 + Ret'n, + PRe(G)? + - - . (3.88)

tree

Note that G is analytic. Therefore, analytic continuation to the second Riemann sheet is possible for
resonance property investigation. Inverting eq. (3.88)

1\ 1 Rer'?
and inserting it in (3.76) gives:
@?
t

t

= . (3.90)
D _ & _ 050

tree
Keeping the tt(fe)e term ensures that the most general polynomial structure in NLO ChPT is preserved.

For coupled channels, eq. (3.90) becomes a matrix equation:

T~7P. 1@ -1 1@ .6.T?17!. 7@, (3.91)
where G is now a diagonal matrix. With eq. (3.91), by using ChPT, all scalar-, isoscalar-, and vector-
resonances have been produced in [112, 154].

In conclusion, there are no LHCs in this case. Moreover, there is cutoff dependence, which is different
for each channel. However, by choosing a specific cutoff, usually named as natural cutoff, all parameters
can be reduced to a single parameter for all channels. The LO diagrams set the scale of low-energy,
whereas the NLO tree diagram gives information about resonances since it includes the LECs of ChPT
and the unitarity condition is demanded with the imaginary part of the loop diagram. Its real part is
contributing to the NLO with a cutoff dependence.

As discussed earlier, if we want to explain the p-meson, LECs should be used. On the other hand,
scalar resonances are produced only by meson-meson interactions without the need for extra information
that LECs contain. These are called dynamically generated resonances. Therefore, if only dynamically
generated mesons are considered tfi)e can be omitted as well. These mesons usually do not have a gg
structure. Hence, if we want to study hadronic molecules, we want them to be dynamically generated.
Therefore this term is not crucial.

This might not seem reasonable since there are no counter terms left, yet the G function is still cutoff
dependent which can sustain the energy dependent behaviour of omitted terms for up tp a natural cutoff
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scale. In this case, eq. (3.90) reduces to

o)
t= 1_—Gt(2) s (3.92)

and coupled channel form is:
T=[1-7T9'1?. (3.93)

These equations are called chiral unitary approach. If the cutoff is set to a natural cutoff (around the
rho mass), some resonances are still produced from ChPT Lagrangian [111]. Again, this cutoff is, in
principle, different for each channel, but one parameter is enough to reproduce all the light scalars which
are not ¢gg states. LHCs can be included perturbatively in the equation. However, the equations will
not be algebraic anymore [98]. This method can be generalized with the N/D method which will be
explained later in this section.

Bethe-Salpeter Equation

Eq. (3.92) can be obtained in a different way. If we consider the relativistic version of the Lippmann-
Schwinger equation, which is called Bethe-Salpeter Equation (BSE), it enables us to study bound state
and resonance regions in a field theoretic scheme. This method does not need any experimental scattering
data and uses EFT scattering amplitudes in a geometric series.

T = V+fVG'T, (3.94)

where G’ is the two particle propagator and V is the potential kernel. In this case, eq. (3.94) gives an

Figure 3.6: Bethe-Salpeter equation: diagramatic expression.

integral equation:

T = V+fVG’T - V+if d'q 14 @) (3.95)

(27r)4 q2 —mlz + i€ (P—q)2 —m22 +ie

where m, and m, are the physical masses of the particles in the loop diagram and P(= p,;+p, = p' | +p’»)
is the total four-momentum of initial and final states whereas ¢ is assigned as the momentum of the
intermediate particle with mass m;.

For simplicity, if we consider s-waves only (the partial wave formalism can be applied to interaction
kernel and there is a BSE for each partial wave), V is a second order polynomial in momentum. If we
separate the on and off-shell parts of V 3.

V(p', p. P) = Vou (P + (0 =)V, (PP +(p3—m)WVa o (PH)+ (P —mVi g (P + (05 = m3)V,y g (PP) .

We have taken into account only non-mixed off-shell contributions for the sake of simplicity. Hence, the

>For the explicit investigation on this issue, see [155]
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interaction matrix can be written as

2 2
_ d4q Von Ton d4q V3offT0n + VonTloI'f + (C] B ml)V3oth10ﬁ'
r = Von + 4 2 2 2 2 + 4 2 2
Qry g —m;"+ie(P-—q) —m, +ie 2n) (P—q) —my +ie
2 2
d4q v4offTon + VonTZ()ff + ((P - Q) - m2)v4offT20ff d4‘] T T
+ 7 3 7 + | 2 Vs T 1o + VaorT20f) -
(27) (P-q) —my, +ie (2m)

Neither Vo nor T, o depends on g. Once they are taken out of the integral, the off-shell parts have
the same structure as chiral logarithms. Hence, they are proportional to tadpole diagrams. These chiral
logarithms can be omitted since they are numerically small in the meson-meson scattering region. The
small contribution of these off-shell parts can be integrated into physical values of the EFT Lagrangian.
When these off-shell parts are omitted, the equation becomes an algebraic equation:

T, =V, +V,GT,, . (3.96)

G is divergent again and the same regularization methods can be applied as in the chiral unitary approach.
V is unknown in the BSE itself but it can be replaced by the LO amplitude from EFT to match with
the chiral unitary approach. This replacement is straightforward since there are no cuts or logarithmic
singularities in LO calculation. The NLO inclusion is also possible. Hence, the BSE can be written in a
simplified form

T=7%+71%GT, (3.97)

and G is the same as in eq. (3.87). If this equation is iterated:
T =T%+TP6T? + TPGTPGT? + ... = TP + GT® + GTPGT? + - ), (3.98)
which is a geometric series and can be summed into:
T=1-T%7".19%. (3.99)

This corresponds to summing up the series of diagrams as in fig.3.6.
For single channel scattering, eq. (3.99) reads:

V(s)

M T Vo6e)

(3.100)

This equation is equivalent to eq. (3.92).

The N/D Method

This method is derived from dispersion relations where LHCs are not exact, or are sometimes neglected
and as in any unitarization method, amplitudes are unitary on the real axis. The N/D method was
developed by Chew and Mandelstam [156]. It provides a solution to unitarization equations both for
single and coupled channels. LHCs can be more systematically included with respect to chiral unitary
approach and it performs better than the on-shell BSE, eq. (3.100).

The main idea in this method is to write the partial-wave amplitude in the form of:

1(s) = Dis)” (3.101)
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RHC:s are introduced in D(s) and LHCs are contained in N(s). Bound states and resonances can be
investigated for D(s) = 0 and Dy,(s) = 0, respectively, where the roman number /7 represents the second
Riemann sheet. Both of these functions are analytic in complex s-plane, hence D(s) is real on the real
axis except on the RHC and N(s) is real on the real axis except on the LHC. Moreover, due to unitarity,
above threshold they satisfy

ImD(s) = —p(s)N(s) = N(s)Imi(s)™", (3.102)

and on the LHC they satisfy
N(s) = D(s)Imt(s) . (3.103)

Using these two equations and knowing that both are analytic functions, they can be defined by dispersion
relations as:

NGs) =+ f g DM ) (3.104)
T ) s —s

D(s) = — f PEING) (3.105)
T Js s —s

°th

where no subtraction constant is considered, s; ¢ is the branch point for the LHC and sy, indicates the
threshold. The number of subtraction constants can be as many as needed and they will contain all the
information about the amplitude except the imaginary part of it on the LHC. The LHC can easily be
omitted by setting Im ¢ = 0 on the LHC which makes things simpler since thereupon N(s) can be set to
1 [131]. Furthermore, on the real axis above the threshold, the imaginary part of eq. (3.105) gives —p(s)
and the LHC can be studied perturbatively.

In [109], G is defined as

g(s) = —;T foo ds’ f,(i)s , (3.106)
to get
-1
1(s) = (W + g(s)) : (3.107)
¢ ree (S)

where () contains the tree level structure of the Lagrangian in consideration and unitarization is
demanded by ¢g(s) since Img(s) = —p(s) = Imt_l(s) on the real axis above threshold. As in the chiral
unitary approach, g(s) is divergent and needs to be regularized. For a more detailed study, we refer to
[131, 157] and to [109] for an application to meson-meson scattering.
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CHAPTER 4

Chiral Covariant SU(2) and SU(3) Vector Meson
Interactions

4.1 Introduction’

It is now commonly accepted that some hadron resonances are generated by strong non-perturbative
hadron-hadron interactions. Arguably the most famous example is the A(1405), that arises from the
coupled-channel dynamics of the strangeness S = —1 ground state octet meson-baryon channels in
the vicinity of the 7Z and K p thresholds [159]. This resonance also has the outstanding feature of
being actually the combination of two near poles, the so-called two-pole nature of the A(1405). In a
field-theoretic sense, we should consider this state as two particles. This fact was predicted theoretically
[153, 160] and later unveiled experimentally [161] (see also the discussion in ref. [1]). Another example
is the scalar meson f;,(980) close to the KK threshold, that is often considered to arise due to the strong
S -wave interactions in the 7-KK system with isospin zero [111, 162, 163]. A new twist was given to
this field in ref. [115] where the S-wave vector-vector (pp) interactions were investigated and it was
found that due to the strong binding in certain channels, the f,(1270) and the f,(1370) mesons could be
explained as pp bound states. This approach offered also an explanation why the tensor state f; is lighter
than the scalar one f;, as the leading order attraction in the corresponding pp channel is stronger. This
work was followed up by extensions to SU(3) [116], to account for radiative decays [164, 165] and many
other works, see e.g the short review in ref. [166].

These results are certainly surprising and at odds with well-known features of the strong interactions.
In this respect it is a text-book result that the f,(1270) fits very well within a nearly ideally-mixed P-wave
qg nonet comprising as well the a,(1320), £5(1525) and K (1430) resonances [167—-169]. Values for
this mixing angle can be obtained from either the linear or quadratic mass relations as in ref. [169].
Non-relativistic quark model calculations [170], as well as with relativistic corrections [171], predict that
the coupling of the tensor mesons to yy should be predominantly through helicity two by an E1 transition.
This simple gg picture for the tensor f,(1270) resonance has been recently validated by the analyses
performed in ref. [172] of the high-statistics Belle data [173, 174] on vy — amr in both the neutral
and charged pion channels. Another point of importance in support of the ¢g nature of the f,(1270) is
Regge theory, since this resonance lays in a parallel linear exchange-degenerate Regge trajectory with
a “universal” slope parameter of around 1 GeV [175-179]. Masses and widths of the first resonances
with increasing spin laying on this Regge trajectory (p, f>, p3, f4) are nicely predicted [180] by the
dual-hadronic model of Lovelace-Shapiro-Veneziano [181-183].

"Most of the content of this chapter have been published in [158] and some parts are in preparation for publication.
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One should stress that the results of ref. [115] were obtained based on extreme non-relativistic
kinematics, p? / mf) = 0, with p the rho-meson three-momentum and m,, the vector meson mass. This
approximation, however, leads to some severe simplifications:

e Due to the assumed threshold kinematics, the full p propagator was reduced to its scalar form, thus
enabling the use of techniques already familiar from the pion-pion interaction [111]. This was
applied when considering the iteration of the interactions in the Bethe-Salpeter equation.

e Based on the same argument, the algebra involving the spin and the isospin projectors of the two
vector-meson states could considerably be simplified.

However, as /sy, = 2m,, = 1540 MeV, the lighter of the bound states is already quite far away from the
2p threshold. Moreover, the p-exchanging diagrams shrink to contact four-p interactions in ref. [115]
and thus the left-hand cuts are neglected. It is therefore legitimate to question the assumptions made in
ref. [115].

In a succedent work, i.e. ref. [184], the authors examine the relativistically covariant pp interaction
and question the disappearance of the tensor bound state in ref. [158]. They related it to the “on-
shell” factorization of the potential done in the region where the dynamic singularity develops a large
discontinuous and imaginary part. However, this argument is inconsistent since the presence of tensor
bound state is done with the on-shell factorization in the same region as well [115, 184]. According to
the N/D method [109, 156, 185], poles are identified as the zero points of the determinant of D functions
which are free of any unphysical cut. In this sense, the on-shell approximation of the BSE, i.e. eq. (3.99),
in the region near the left-hand cut is problematic, which indicates that eq. (3.99) can not be applied to
energies below 1.34 GeV where the left-hand cut starts. The extreme non-relativistic limit is taken to
avoid this left-hand cut in refs. [115, 184]. However, the extreme non-relativistic approximation leads to
ignoring the energy-dependence of the interaction. This energy-dependence is crucial for the forming of
a bound state. It seems to be surprising that a bound state appears in the sector (/, J) = (0, 0), whereas
we do not find a bound state in the (Z, J) = (0, 2) sector while the interaction is also attractive and with
a strength more than twice of the scalar sector. As we know, in addition to the attraction strength, the
effective interaction range r(, which is sensitive to the energy-dependence of the interaction, is critical to
form a bound state. The effective range is determined by

8 /s

T(s) = T
-1/a+ryp” —ip

4.1

around the threshold with p the three-momentum and s = E? the total energy squared. It is easy to derive
the r, proportionality to the derivative of \/ET_1 to the energy at the threshold.

p = L(li\/1—4r0/a) (4.2)

27‘0

foZa 2L(1i(1—2r0/a—2r§/a2+...)) (4.3)
o
i _i_In ;
L L+, for + sign

= {0 ’ ’ 4.4
{j+%+ , for — sign. “9

a

As aresult, with the increase of the slope of the potential to the energy, the effective interaction range
decreases. From the fig. 4 in ref. [158], it is easy to conclude that the effective interaction range for
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Figure 4.1: The effect of the r, correction. The blue solid curves rya > 0 and the pink dashed curves rya < 0. The
red circle and green square points indicate a bound state @ > 0 and a virtual state a < 0, respectively.

(I,J) = (0,0) is much larger than the tensor sector. A naive calculation with the tree-level potential
shows that the tensor sector even has a negative effective interaction range. However, the scalar and
tensor sector has same energy-dependence of the potential, see e.g. Table I in ref. [184] and thus same
effective range. It accounts for the reason of the disappearance of the bound state in the tensor sector. It
is easy to be misled that the disappearance of the tensor bound state happens due to the unexpected large
imaginary part along the left-hand cut in the potential when we observe the determinant of BSE in fig. 11
of ref. [158]. The region we are interested in is beyond the scope of the eq. (3.99). To overcome this
difficulty, an improved unitarization, i.e. the first iterated solution of the N/D method, is proposed in
ref. [158]. The determinant of this method only contains the unitarity cut and agrees to the BSE up to
O(s3). A matching condition (4.58) can be done in the physical region, and the resulting D functions
have correct analytical structure and energy-dependence (mainly from p-exchange diagrams). We stress
that the disappearance of the bound state in the tensor sector is not due to the left-hand cut itself, but due
to the p-exchange contribution.

4.1.1 Formalism

In these works, we employ the hidden local symmetry formalism, see sec.2.3, in which the vectors are
treated as gauge bosons of a hidden local symmetry transforming inhomogeneously. While in principle
the tensor field formulation is preferable in the construction of chiral-invariant building blocks, an
advantage of the hidden gauge symmetry approach is that the phenomenological success of naturally
reproducing the low-energy theorems, e.g. KSFR relations, vector mesons dominance , the universality
of p-couplings, and the Weinberg-Tomozawa theorem for the n-p scattering. Moreover, contrast to the
corrections of the order p3 in the CCWZ Lagrangian, any corrections to the leading psr coupling are of
order p5 or higher in the hidden local symmetry approach by an appropriate choice of the gauge coupling
[186]. On the other hand, the main reason for us to employ this method is that it was used in [115, 116].
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4.2 A chiral covariant approach to pp scattering2

In this work, we will reanalyze the same reactions as in [115] using a fully covariant approach. This
is technically much more involved than the formalism of the earlier works. However, as our aim is to
scrutinize the approximations made there, we stay as much as possible close to their choice of parameters.
Additionally, we also consider coupled-channel scattering interactions including channels with nonzero
orbital angular momentum, that is, we go beyond the S -wave scattering approximation of ref. [115]. The
inclusion of coupled channels is also important when moving away from threshold. The authors of this
reference only considered scattering in S -wave because of the same type of near-threshold arguments.
As will be shown, the near-threshold approximation is only reliable very close to threshold.

This section is organized as follows: In Sec. 4.2.1 we outline the formalism to analyze pp scattering in
a covariant fashion. In particular, we retain the full propagator structure of the p, which leads to a very
different analytic structure of the scattering amplitude compared to the extreme non-relativistic framework.
We also perform a partial-wave projection technique, that allows to perform the unitarization of tree-level
scattering amplitudes using methods well established in the literature. An elaborate presentation of our
results is given in Sec. 4.2.2, where we also give a detailed comparison to the earlier work based on the
non-relativistic framework. Next, we consider the effect of the coupling between channels with different
orbital angular momentum. We also improve the unitarization procedure by considering the first-iterated
solution of the N/D method in Sec. 4.2.3, reinforcing our results obtained with the simpler unitarization
method. We conclude with a summary and discussion in Sec. 4.2.4. A detailed account of the underlying
projection formalism is given in App. E.

4.2.1 Formalism

To be specific, the Lagrangian for the interactions among vector mesons is taken from the pure gauge-
boson part of eq. (2.118):

1
L == (F P (4.5)

Here, the coupling constant g = My, /2f, and f, ~ 92 MeV [1] the weak pion decay constant. The vector
field V, is
7

L%
Vﬂ:( V2 _Lo] (4.6)
p P

From the Lagrangian in eq. (4.5) we can derive the interaction between three and four vector mesons and
the corresponding vertices. The corresponding Lagrangians are denoted as £ and £, respectively. The
former one gives rise to pp interactions through the exchange of a p meson and the latter corresponds to
purely contact interactions. We did not include the w resonance in eq. (4.6) since it does not contribute to
the interaction part (in the isospin limit). Consider first the contact vertices for the 4p interaction:

2
L :%(VMVVV"VV AL ALY (4.7)

The three different isospin (/) amplitudes for pp scattering (/ = 0, 1 and 2) can be worked out from
the knowledge of the transitions p*(p; )0 (p,) = p*(p3)p (p4) and p*(p))p” (1) = p’(p3)p"(p4) by

The content of this section have been published in [158].
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invoking crossing as well. We have indicated the different four-momenta by p;, i = 1,...,4. The
scattering amplitude for the former transition is denoted by A(py, p,, p3, p4) and the latter one by
B(p{, py, 3, P4), Which are shown in figs. 4.2 and 4.3, respectively.

Figure 4.3: Feynman diagrams for the tree-level amplitude p™p~ — popo.

The contributions to those amplitudes from £}, cf. eq. (4.7), are indicated by the subscript ¢ and are
given by:

Ak ky, ks, ky) = = 297 (2€(1),€(2),€(3) €(4) — €(1),€(2)"€(3),6(4)” — e(1),€(2),€(3Y'e(4)) ,

B.(ky, ky, ks, ky) :2g2(26(1)H6(2)“6(3)VE(4)V - E(l)ue(Z)Ve(S)“e(4)V - 6(1)N6(2)V6(3)V6(4)“) . (4.8)
In this equation, the (i), corresponds to the polarization vector of the it p. Each polarization vector
is characterized by its three-momentum p; and third component of the spin o; in its rest frame, so that
e(i)ﬂ = e(p;, o'i)ﬂ. Explicit expressions of these polarization vectors are given in eqgs. (E.9) and (E.10)
of appendix E. In the following, so as to simplify the presentation, tree-level scattering amplitudes are
written for real polarization vectors. The same expressions are valid for complex ones by taking the

complex conjugate of the polarization vectors attached to the final particles.3 Considering the one-vector
exchange terms, we need the three-vector interaction Lagrangian £5. It reads

L5 =ig((d,V, - avvﬂ)v“vv> . 4.9)
The basic vertex is depicted in fig. 4.4 which after a simple calculation can be written as
Vs == V2g[(qe(D), - 4,6(1),)eBY )’ = (k,e2), - k,€(2), )1} e(3)"

- (p,€e3), - pye(3)u)e(2)”e(1)"] . (4.10)

In terms of this vertex, we can straightforwardly calculate the vector exchange diagrams in figs. 4.2 and
4.3. The expression for the ¢-channel p-exchange amplitude, the middle diagram in fig. 4.2, and denoted

3The polarization vectors e(p, o) in the appendix E are complex, so that the polarization vectors associated with the
final-state pp should be complex conjugated in this case.
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€(p,03)

L = ek,o2)

e(q, Ul)

Figure 4.4: Three-p vertex from £3.

by A/(p1, P2s P35 Py €15 €25 €3, €4), 18

2

2g
P g [(P1(P2 + Pa) + P3(P2 + Pa))E - 636, - €
1= F3) "

+4(€1 . k364 . k262 cE63t € k3€2 . k463 c €t € k164 . k2€1 6t 6 - k4E3 . klel . 64)

A(P1s D2s D3> Pas €15 €25 €3, €4) =

—2(61 . k3(€3 . k2 + & - k4)€2 "€t € kl(El . kz + € - k4)€2 "€t 6 k4(€4 . kl + € - k3)€1 * €3

+ey k(& ky + € ke - 6)], 4.11)
where for short, we have rewritten €(i) — ¢;, and the scalar products involving polarization vectors
are indicated with a dot. The u-channel p-exchange amplitude A,(p;, P2, P3. P4: €], €, €3, €;) can be
obtained from the expression of A, by exchanging p; < p, and & < €. In the exchange for the

polarization vectors they always refer to the same arguments of three-momentum and spin, that is,
€(p3,03) © €(py, 04). In this way,

A, (P1, P2 D3» P4 €15 €, €3, €4) =A[ (D1, D2y Pys P35 €15 €2, €4, €3) . 4.12)

Notice that the second diagram in fig. 4.3 is a sum of the #-channel and u-channel p-exchange diagrams.

The s-channel exchange amplitude (the last diagram in fig. 4.2) can also be obtained from A, by
performing the exchange p, < —p; and €, < ¢;, with the same remark as above for the exchange of
polarization vectors. We then have:

As(pl’pZ’ p3’ p4’ E]a 62, 63, 64) :At(pl’ _p3’ _p2’ p4, 61’ 63’ E2a 64) . (413)

The total amplitudes for p*p~ — p'p~ and p*p~ — p°p° are

A=A +A+A,,

B=B.+A,+A,, (4.14)
with the usual arguments (p;, p,, P3, P4; €], €, €3, €4). By crossing, we also obtain the amplitude for
p'p" — p'p’ [that we denote as C(py, Pa, P3» Pa; €15 €, €, €4)] from the one for p*p~ — p'p~ by

exchanging p, & —p, and €, & ¢, that is,

C(p1» P2s P3> Py €15 €25 63, €4) =A(P1, —P4> P3>— D23 €15 €4, 63, 6) (4.15)
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The amplitude C is purely I = 2, that we denote as T®. The amplitude B is an admixture of the I = 0,
7O , and I = 2 amplitudes,

1
B=3(T?-T%), (4.16)

from which we find that
7O =3B+ C. (4.17)

To isolate the / = 1 amplitude, TV, we take the p p~ elastic amplitude A which obeys the following
isospin decomposition

1 1 1
A= o104 27 (4.18)

Taking into account eq. (4.17), we conclude that
TV =24-2B-C. (4.19)

In terms of these amplitudes with well-defined isospin the expression in eq. (E.48) for calculating the
partial-wave amplitudes in the £S J1I basis (states with well-defined total angular momentum J, total spin
S, orbital angular momentum ¢ and isospin /), denoted as Tgl;% (s) for the transition (£S5 JI) — (€S JI),
simplifies to

n Y7 (@) o _ L
T[S;ZS(S) = m Z_ dp’ Y, (p") (010, M|s;5,S)iMMIES J) (GG, M5, 5,8 YOMMIES J)
01,05,0
gy,m
XTD (1. Py P32 Pai €1, €0 63.€) (4.20)
with s the usual Mandelstam variable, p; = |plz, p, = —|plZ, p; = p” and p, = -p”', M = oy + 0,

and M = &, + &,. The Mandelstam variables ¢ and u for pp scattering in the isospin limit are given
byt = —2p2(1 —cosf) and u = —2p2(1 + cos 6), with 8 the polar angle of the final momentum. The

denominator in A, due to the p propagator, cf. eq. (4.11), vanishes for ¢ = m/% and similarly the
denominator in A, for u = mfz) When performing the angular projection in eq. (4.20) these poles give
rise to a left-hand cut starting at the branch point s = 3mf,. This can be easily seen by considering the
integration on cos 6 of the fraction 1/(t — mﬁ +ig), which gives the same result both for the ¢ and u channel

exchange,

e 1 1 ap* +m;  4p?
—f d cos — = —log| ——2 + Pig| 4.21)
24 —2p°(1 —cos6) —my +is  4p m; ;

with & — 07. The argument of the log becomes negative for 4p2 < —mﬁ, which is equivalent to s < 3mﬁ.
Because of the factor pzs the imaginary part of the argument of the log below the threshold is negative
which implies that the proper value of the partial-wave amplitude on the physical axis below the branch
point at s = 3m§ is reached in the limit of vanishing negative imaginary part of s. The presence of this
branch point and left-hand cut was not noticed in ref. [115], where only the extreme non-relativistic
reduction was considered, so that the p propagators in the p-exchange amplitudes collapsed to just a
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4.2 A chiral covariant approach to pp scattering

constant. Once we have calculated the partial-wave projected tree-level amplitude, we proceed to its
unitarization making use of standard techniques within unitary chiral perturbation theory [109, 111,
153], see sec.3.4.3. It has been applied to many systems and resonances by now, e.g. in meson-meson,
meson-baryon, nucleon-nucleon and WW systems. Among many others we list some pioneering works
for these systems [111, 153, 160, 187-200]. In the last years, this approach has been applied also to
systems containing mesons and baryons made from heavy quarks, some references on this topic are
[201-205].

The basic equation to apply is eq. (3.99). We can rewrite this equation in the subspace of coupled
channels ¢S JI, with the same JI, as 4

TU0(s) =[1-v'"(5)-G(s)] - V0. (4.22)

Here, G(s) is a diagonal matrix, given in eq. (3.87), made up by the two-point loop function G(s)
with pp as intermediate states. We have stated that Im G(s) = —|p|/8m +/s. The loop function G(s) is
logarithmically divergent and it can be calculated once its value at a given reference point is subtracted.
In this way, we can write down a once-subtracted dispersion relation for G(s) whose result is’

2
G(s) = ! 5 [ ) + log m_g + o [log(o + 1) — log(o- — 1] | , (4.23)
(4rm) Ju
with
4
o=1/1- % s 4.24)

and y is a renormalization scale typically taken around m,,, such the sum a(u) + log mﬁ / ,u2 is independent
of u. The subtraction constant in eq. (4.23) could depend on the quantum numbers ¢, S and J, but not
on / due to the isospin symmetry [160]. To compare with the results of ref. [115], we also evaluate
the function G(s) introducing a three-momentum cutoff ¢ ., the resulting G(s) function is denoted by
G.(5),

1 ' max q2
G,(s)= — dg—1 (4.25)
0

27 w(s — 4w’ + is)

withw = /qz + mg. This integral can be done algebraically [154]

! m, m,
G.(s) = s|o|logloy|1+ 5—+1]|-logfoy[l+—5— -1
(47) 4 max 4 max

2

m, m,
+2log 1+ 4|1+ 5 . (4.26)
max 9 max

*In order to easier the comparison with ref. [115] we take the same sign convention for matrices V(s) and 7(s) as in that
reference.

*It is the same result as calculating G(s) in dimensional regularization, d = 4 + 2¢, and replacing the 1/e divergence by a
constant, cf. [154].
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Typical values of the cutoff are around 1 GeV. The unitarity loop function G(s) has a branch point at
the pp threshold (s = 4m§) and a unitarity cut above it (s > 4mﬁ). The physical values of the T-matrix
TYD(s), with s > 4m§, are reached in the limit of vanishing positive imaginary part of s. Notice that the
left-hand cut present in V(”)(s) for s < 3mﬁ does not overlap with the unitarity cut, so that V(”)(s) is
analytic in the complex s-plane around the physical s-axis for physical energies. In this way, the sign
of the vanishing imaginary part of s for VD (s) is of no relevance in the prescription stated above for
reaching its value on the real axis with s < 3m§ according to the Feynman rules.

We can also get a natural value for the subtraction constant a in eq. (4.23) by matching G(s) and G .(s)
at threshold where o = 0. For u = m,,, a usual choice, the final expression simplifies to

_ 9 max [ mﬁ ]
a=-2log—— 1+ 4|1+ . (4.27)
mp 4 max

It is also worth noticing that eq. (4.22) gives rise to a T-matrix TY)(s) that is gauge invariant in the
hidden local symmetry theory because this equation just stems from the partial-wave projection of a
complete on-shell tree-level calculation within that theory, which certainly is gauge invariant.

4.2.2 Results

One of our aims is to check the stability of the results of ref. [115] under relativistic corrections,
particularly regarding the generation of the poles that could be associated with the f,(1370) and f,(1270)
resonances as obtained in that paper. The main source of difference between our calculated vD(s) and
those in ref. [115] arises from the different treatment of the p-meson propagator. The point is that the
authors of ref. [115] take the non-relativistic limit of this propagator so that from the expression 1/(¢— m’%),

cf.eq. (4.11),0r 1/ (u—mﬁ), only —1/ mﬁ is kept. This is the reason that the tree-level amplitudes calculated
in ref. [115] do not have the branch point singularity at s = 3m§ nor the corresponding left-hand cut

for s < 3m’%. It turns out that for the isoscalar tensor case, the resonance f,(1270) is below this branch
point, so that its influence cannot be neglected when considering the generation of this pole within this
approach.

Uncoupled S-wave scattering

The issue on the relevance of this branch point singularity in the p-exchange amplitudes was not addressed
in ref. [115] and it is indeed very important. This is illustrated in fig. 4.5 where we plot the potentials
V(”)(s) in §-wave (£ = 0) (only S -wave scattering is considered in ref. [1 15]).6 From top to bottom and
left to right we show in the figure the potentials for the quantum numbers (J, ) equal to (0, 0), (2,0),
(0,2), (2,2) and (1, 1). The red solid and black dotted lines correspond to the real and imaginary parts of
our full covariant calculation of the V//(s), respectively, while the blue dashed ones are the results of
ref. [115]. The imaginary part in our results for vD(s) appears below s < 3mﬁ due to the left-hand cut
that arises from the #- and u#-channel p-exchanges.

It can be seen that our results and those of ref. [115] are typically close near threshold (s = 4mﬁ) but
for lower values of s they typically depart quickly due to the onset of the branch point singularity at
s = 3’";2)' The strength of this singularity depends on the channel, being particularly noticeable in the
(J,I) = (2,0) channel, while for the (0, 0) channel it is comparatively weaker.

SPartial waves with € # 0 are considered in sec. 4.2.2.
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4.2 A chiral covariant approach to pp scattering

max (MeV) | Pole Position (MeV) (Mass in ref. [115]) | (/$)* (GeV?) | X"
775 1515.9 55 0.73
875 1494.8 (1512) 64 0.63
1000 1467.2 (1491) 68 0.52

775 (conv.) 1521.9

875 (conv.) 1501.6

1000 (conv.) 1475.6

Table 4.1: Pole position for the partial wave T(OO)(S) (2nd column), residue (3rd column) and compositeness (4th
column) as a function of the three-momentum cutoff g,,,, (1st column). In the last three rows we take into account
the finite width of the p in the evaluation of the G(s) function, as indicated between parenthesis by (conv). For
details, see the text.

The strongest attractive potentials in the near threshold region occur for (J, 1) = (0,0) and (2, 0) and in
every of these channels ref. [115] found a bound-state pole that the authors associated with the f,(1370)
and f,(1270) resonances, respectively. For the (0,0) quantum numbers the pole position is relatively
close to the pp threshold, while for (2, 0) it is much further away. Two typical values of the cutoff g .
were used in ref. [115], g .., = 875 MeV and 1000 MeV. We employ these values here, too, together with

g max = M, (so that we consider three values of ¢ ,,,, separated by around 100 MeV), and study the pole

positions for our TVD(5) amplitudes in S wave. We only find a bound state for the isoscalar scalar case,
while for the tensor case no bound state is found. In table 4.1 we give the values of the pole positions for
our full calculation for ¢ ,,,, = my, (first), 875 (second) and 1000 MeV (third row). For comparison we
also give in round brackets the bound state masses obtained in ref. [115], when appropriate. As indicated
above, the strong differences for V(zo)(s) between our full covariant calculation and the one in ref. [115]
in the extreme non-relativistic limit, cf. fig. 4.5(b), imply the final disappearance of the deep bound state
for the isoscalar tensor case. The nominal three-momentum of a p around the mass of the f,(1270) has a
modulus of about 0.6m,, ~ 460 MeV and for such high values of three-momentum relativistic corrections
are of importance, as explicitly calculated here. On the contrary, the (0, 0) pole is located closer to the pp
threshold and the results are more stable against relativistic corrections, though one still finds differences
of around 20 MeV in the bound state mass.

In addition we also show in the third column of table 4.1 the residue of T(OO)(s) at the pole position sp.

For a generic partial wave T;;IZ, < (), its residue at a pole is denoted by y%l)y%]) and is defined as
(D ID _ 1 B 1)
Yes Vi = Sll)nslp(s SP)T{’S;ES‘ (s). (4.28)

In terms of these couplings we can also calculate the compositeness X%I) associated with this bound state
[146, 206, 207],

_ D 2 8G(s)

AR Os P ’
P

D _
xyh = (4.29)

which in our case determines the ppo component in such bound state. Notice that the derivative of G(s)
from eq. (4.23) (which is negative below threshold) does not depend on the subtraction constant, the
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Figure 4.5: S -wave potentials V/”(s) (in MeV) for our calculation (real part: red solid line, imaginary part: black
dotted line) and for the calculation of ref. [115] (blue dashed lines).
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a Pole Position (MeV) | (#9")* (GeV?) | X7
~1.697 1525.7 43 0.80
~1.938 1500.4 56 0.69
—2.144 14745 62 0.58

~1.697 (conv.) 1546.0
—1.938 (conv.) 1517.7
—2.144 (conv.) 1491.1

Table 4.2: Pole positions for the partial wave T(oo)(s) (2nd column), residue (3rd column) and compositeness (4th
column) as a function of the subtraction constant a (1st column). In the last three rows we take into account the
finite width of the p in the evaluation of the G(s) function, this is indicated between parenthesis by (conv).

dependence on the latter enters implicitly by the actual value of the pole position sp. Of course, if one
uses a three-momentum cutoff then G .(s) must be employed in the evaluation of Xl(,él). The compositeness
obtained for the pole positions in table 4.1 is given in the fourth column of the same table. As expected
the ppo component is dominant, with X(()%O) > (.5, and increases as the pole moves closer to threshold, so
that it is 73% for ¢ 1, = m, and /sp = 1516 MeV.

We can also determine the pole positions when G(s) is calculated with exact analytical properties,
eq. (4.23), and taking for a the values from eq. (4.27) as a function of ¢ ,,. The results are given
table 4.2, where we also give the residue at the pole position and the calculated compositeness, in the
same order as in table 4.1. The results obtained are quite close to those in this table so that we refrain of
further commenting on them. Nonetheless, we should stress again that we do not find any pole for the
isoscalar tensor case.

We could try to enforce the generation of an isoscalar tensor pole by varying g ..., when using G .(s),
or by varying a, if eq. (4.23) is used. In the former case a much lower value of g ,,, is required than
the chiral expansion scale around 1 GeV (g,,,, < 400 MeV), while for the latter a qualitatively similar
situation arises when taking into account the relationship between a and ¢q ,,,, of eq. (4.27). Even more
serious are two facts that happen in relation with this isoscalar tensor pole. First we should stress that
such a pole appears associated to the evolution with ¢ ., or a of the pole in the first Riemann sheet,
which violates analyticity. This is shown in fig. 4.6 where we exhibit the evolution of this pole as a
function of ¢q ;. We start the series at a low value of g ,,, = 300 MeV, where we have two poles on
the real axis, and increase the cutof in steps of 6q ,,,, = 50 MeV. These two poles get closer and merge
for g ,,x = 403.1 MeV. For larger values of the cutoff the resulting pole moves deeper into the complex
plane of the physical or first Riemann sheet. Second, we obtain that X(()ZZO) is larger than 1. For example,
for g,,,x = 400 MeV, there are two poles at 1422.4 and 1463.4 MeV with X(%O) = 2.7 and 3.8, in order,
which of course makes no sense as compositeness factors have to be less or equal to one.

Next, we take into account the finite width of the p meson in the evaluation of the unitarity two-point
loop function G(s). As a result, the peak in the modulus squared of the isoscalar scalar amplitude now
acquires some width due to the width of the p meson itself. To take that into account this effect we
convolute the G(s) function with a Lorentzian mass squared distribution for each of the two p mesons in
the intermediate state [115, 191, 192]. The resulting unitarity loop function is denoted by g(s) and is
given by

2 2

1 (mp+2rp) 2 rml /ﬂ' (ml’+2rl7) 2 rmz/ﬂ- 2 2

a(s) =— f , dmi— f , dmy 55 G (s, my,my) . (4.30)
N? Jon-or 2 (m (m=2T,)* (= mp)” + myl

252 212
l—mp) +m1r
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Figure 4.6: Evolution of the poles in the physical Riemann sheet for the isoscalar tensor channel as a function of
q max- TWo0 poles are present on the real axis for our starting value of g,,, = 300 MeV, and along the trajectory we
increase q ,,, in steps of 6g,,,, = 50 MeV. The two poles merge at q,,,, = 403.1 MeV and for larger values of the
cutoff there is one pole that moves deeper into the complex plane.

The normalization factor N is

(m,+2T )" ) Tm/n
N = dm” ——— ==
(m,~2I )" (m” — mp) +mT

(4.31)

with T'(m) the width of the p meson with mass m. Due to the P-wave nature of this decay to &,
we take into account its strong cubic dependence on the decaying pion three-momentum and use the
approximation

m> — m,2r
I'(m) =T, —— | m— 2m,) 4.32)
n, — 4m;;,

with m,, the pion mass and Fp = 148 MeV [1]. The function G(s, m%, m%) is the two-point loop function
with different masses, while in eq. (4.23) we give its expression for the equal mass case. When evaluated
in terms of a dispersion relation it reads,

s’ 9 1 m% s—mj + m% m%
G(s,mj,m3) = 2{a(y)+1og—2 + 1 g—
167 7 2s mj
A2 () 12 2, 2 12 2 2
5 log (17°(s) + s —m5 + my) —log (1"'°(s) — s + m5 —my)
s

+ log (/ll/z(s) + 5+ m% - m%) —log (/ll/z(s) -5 m% + m%)]} , (4.33)

with 2'2(s) = \/ 52+ m‘l‘ + mg - 2sm% - 25m§ - 2m%m§ The algebraic expression of this function when
calculated with a three-momentum cutoff for different masses can be found in ref. [154], to which we

74



4.2 A chiral covariant approach to pp scattering
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Figure 4.7: The amplitude squared 1T when using the g(s) function with a cutoff ¢ ... The blue dashed line
corresponds to g .., = 775 MeV, the red solid one to 875 MeV and the black dotted one to 1000 MeV.

refer the interested reader.

When using the convoluted G(s) function we find similar masses for the peak of |T (OO)IZ in the (0, 0)
channel compared to the case without convolution. The resulting peak positions are given in the last
three rows of tables 4.1 and 4.2. The effects of the non-zero p width are clearly seen in fig. 4.7, where we
plot |T(Oo)(s)|2 for the different values of g,,,, shown in table 4.1. The shape of the peaks follows quite
closely a Breit-Wigner form, though it is slightly wider to the right side of the peak. We find that the
width decreases with the increasing value of g,,,,, being around 45, 65 and 95 MeV for ¢,,,, = 1000,
875 and 775 MeV, respectively, of similar size as those found in ref. [115]. When using a subtraction
constant instead of g ., relating them through eq. (4.27), the picture is quite similar. The peak positions
are given in the last three columns of table 4.2 while the widths obtained are around 105, 70 and 50 MeV
for a = —1.70, —1.94 and —2.14, in order. These widths are significantly smaller than the PDG values
assigned to the f;,(1370) resonance of 200-500 MeV [1].

Due to the coupling of the pp and 7, this pole could develop a larger width. This is approximated in
ref. [115] by considering the imaginary part of the nrr box diagram, with a p — 7 vertex at each of the
vertices of the box. These vertices are also worked out from the non-linear chiral Lagrangian with hidden
gauge symmetry [124, 208]. We refer to ref. [115] for details on the calculation of this contribution.
According to this reference one has to add to V(()?)?(;o and to Véé?éz the contribution Véijrl), given by

v =20i ImV,,
V2D =8 ImV (4.34)
Y S an :

In the calculation of the function \7,,”, ref. [115] introduces a monopole form factor F(g) for each of the

four p — i vertices in the pion box calculation,

2 2
F(q) = % (4.35)
A —(k-q)

with k° = Vs/2,k =0, qO = +/s/2 and q the integration variables. This introduces a sizeable dependence
of the results on the value of A. Nonetheless, in order to compare with ref. [115] we follow the very same
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Figure 4.8: 1T (5)]* with the 7 box diagram contribution included for different values of A in F(g), cf. eq. (4.35).
Specifically, A = 1200 (black solid line), 1300 (red dashed line) and 1400 MeV (blue dotted line), for g ,,,, = 875
(left panel) and g ,,,, = 1000 MeV (right panel).

| (. | (£,S)channels |
0,00 (0,0, (2,2
2,0) | 0,2),(2,0), (2,2)

Table 4.3: Coupled-channels with different orbital angular momentum.

scheme of calculation and take the same values for A, that is, 1200, 1300 and 1400 MeV.’

The inclusion of the r box diagram, on top of the convolution with the p mass squared distribution
for calculating the G(s) function, does not alter the previous conclusion on the absence of a pole in the
isoscalar tensor channel. However, the isoscalar scalar pole develops a larger width around 200-300 MeV,
that increases with A, as can be inferred from fig. 4.8, where we plot IT(OO)(s)Iz. On the other hand, the
position of the peak barely changes compared to the one given in the last two rows of table 4.1.Tentatively
this pole could be associated to the f,(1370) resonance, which according to refs. [209, 210] decays
mostly to szr with a width around 200 MeV. In the PDG [1] the total width of the f;(1370) is given with a
large uncertainty, within the range 200-500 MeV and the nr decay mode is qualified as dominant. The
nearby f,(1500) resonance has a much smaller width, around 100 MeV, and its coupling and decay to nrr
is suppressed. These properties of the f,(1500) are discussed in detail in ref. [209].

Coupled-channel scattering

We now consider the impact on our results when allowing for the coupling between channels with
different orbital angular momenta, an issue not considered in ref. [115]. In table 4.3 we show the different
channels that couple for given JI quantum numbers and pay special attention to the (J, 1) = (0,0) and
(2,0) channels. Apart from the conservation of J and I, one also has to impose invariance under parity,
which avoids the mixing between odd and even £’s.

When including coupled channel effects, we find two poles in the channels with (J, I) = (0, 0), that are
reported in table 4.4 for various values of g ,,,,, (shown in the first column). We give from left to right the

7 Another more complete scheme is to work explicitly with coupled-channel scattering as done in ref. [209], where pp and
aiw channels, among many others, were explicitly included. In this way resonances develop decay widths in a full nonperturbative
fashion because of the coupling between channels.
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G max MeV) | Mass MeV) | 5 (GeV?) | D) (Gev?) | X5 | X5
775 1515.3 572 0.2 0.75 | 0.00
1386.6 -7.6 ~20.2 <0 | <0

875 14924 72.1 1.0 0.69 | 0.01
1396.8 ~135 ~19.4 <0 | <0

1000 14553 116.2 8.3 0.80 | 0.06
1415.7 ~53.1 —25.1 <0 | <0

Table 4.4: Bound state poles in the partial wave amplitudes of quantum numbers (J, I) = (0, 0) with varying cutoff
q max> Which is indicated in the first column. The masses (2nd column), the residues to (£, S) = (0,0) and (2, 2) (3rd
and 4th columns) and the compositeness coefficients XOO) and XOO) (6th and 7th columns) are also given. For the
lighter poles the compositeness coefficients are small and negatlve so that they cannot be interpreted as physical
states contrary to common wisdom [146, 206, 207].

pole mass (second column), residues (third and fourth ones) and compositeness coefficients (fifth and
sixth ones) of different channels, (£, S) = (0,0) and (2, 2), respectively. One of the poles is heavier and
closer to the pp threshold with similar properties as the pole in the uncoupled case, compare with table 4.1,
particularly for g ., = 775 MeV. Nonetheless, as g ,,,, increases the difference of the properties of this
pole between the coupled and uncoupled cases is more pronounced. In particular let us remark that now
X(()%O) is always 2 0.7 and for q ,,,, = 1 GeV the residue to the channel (£,S) = (0,0) is much larger
than in the uncoupled case. Additionally, we find now a lighter pole which lays above the branch point
singularity at V3 m,, = 1343 MeV. For lower values of the cutoff g ,, this pole couples more strongly
to the (£,S) = (2,2) channel, but as the cutoff increases its residue for the channel (¢,S) = (0, 0) also
increases in absolute value and it is the largest for g ,, = 1 GeV. It is then clear that both channels
(¢,S) =(0,0) and (2, 2) are relevant for the origin of this pole. Note that the residues for this lighter pole
are negative, which is at odds with the standard interpretation of the residue (y(OO)) of a bound state as
the coupling squared. This implies that the compositeness coefficients X(OO) are all negative, which is at
odds with a probabilistic interpretation as suggested in refs. [146, 206, 207] for bound states. The moduli
of the |X§go)| are all small because this lighter pole lays quite far from the pp threshold. The fact that

its mass is not far from the strong branch point singularity at V3 m,, makes that this pole is very much
affected by the left-hand cut discontinuity. In this respect, it might well be that the presence of this pole
with anomalous properties is just an artefact of the unitarization formula of eq. (4.22), that treats the
left-hand cut discontinuity of the potential perturbatively. One can answer this question by solving exactly
the N/D method [211-214], so that the left-hand cut discontinuity of the potential is properly treated and
the resulting amplitude has the right analytical properties. Let us recall that eq. (4.22) is an approximate
algebraic solution of the N/D method by treating perturbatively the left-hand cut discontinuities of the
coupled partial waves [109, 195, 197]. For the uncoupled scattering such effects are further studied in
detail in the next section.

For the (J,I) = (2,0) partial waves we have three coupled channels, (¢, 5) = (0,2), (2,0) and (2,2)
and, contrary to the uncoupled case, we now find a pole that lays above the branch point singularity. We
give its mass and residues for different g ,,,, in table 4.5, with the same notation as in table 4.4. Notice
that these pole properties are very stable under the variation of g .. This pole couples by far much more
strongly to the channel with (¢, S) = (2, 2) than to any other channel. This indicates that it is mainly due
to the dynamics associated with the (¢, S) = (2,2) channel. But the same comments are in order here as
given above for the lighter isoscalar scalar pole, because its residues shown in table 4.5 are negative and
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q max MeV) | Mass MeV) | G50) (GeV?) | 5))” (GeV?) | 05)* (GeV?)
775 1355.1 —0.8 ~0.0 86
875 1358.2 ~0.7 ~0.0 —83
1000 1361.8 —0.6 ~0.0 —79

Table 4.5: Bound state poles in the partial wave amplitudes of quantum numbers (J, I) = (2, 0) with different cutofts
q max- indicated in the first column. The masses (2nd column) and the residues to (£, S) = (0,2), (2,0) and (2,2)
(3rd, 4th and 5th columns) are shown. Here, “—0.0” denotes a small but negative number.

so are the corresponding compositeness coefficients. Hence, the lighter pole for (J,I) = (0, 0) and the
one found for (2,2) cannot be considered as robust results of our analysis. This has to be contrasted to
the case of the heavier isoscalar scalar pole that is stable under relativistic corrections, coupled-channel
effects and has quite standard properties regarding its couplings and compositeness coefficients.

4.2.3 First iterated solution of the N/D method

In this section for definiteness we only consider uncoupled scattering. We have in mind the (J, 1) = (0, 0)
and (J,I) = (2,0) quantum numbers to which special attention has been paid in the literature concerning
the generation of poles that could be associated with the f;(1370) and f,(1270) resonances, as discussed
above. Further applications of the improved unitarization formalism presented in this section are left for
future work.

According to the N/D method [156], see 3.4.3 a partial-wave amplitude can be written as

_ N

OR (4.36)

where the function D(s) has only the unitarity or right-hand cut (RHC) while N(s) only has the left-hand
cut (LHC). The secular equation for obtaining resonances and bound states corresponds to look for the
zeros of D(s),
D(s;)) =0 4.37)

Below threshold along the real s axis this equation is purely real because D(s) has a non-vanishing
imaginary part only for s > s .

However, with our unitarization procedure from leading-order unitary chiral perturbation theory
(UChPT) we have obtained the approximation

yYh
TV (s) = - © (4.38)
1 - V()G (s)
and the resulting equation to look for the bound states is, cf eq. (3.100)
Dy(s) =1-V(s)G.(s) = (4.39)

Notice that eq. (4.38), contrary to the general eq. (4.37), has an imaginary part below the branch-point
singularity at s = 3m®. Nonetheless, if the LHC were perturbative this imaginary part would not have
prevented having a strong peak in the amplitude if there were already a bound state below the branch-point
singularity when the LHC is neglected. However, this is by far not the case for the pole associated with
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the f,(1270) in ref. [115], which clearly indicates the instability of this approach under the inclusion of
relativistic corrections.

We can go beyond this undesired situation by considering the first-iterated solution to the N/D method.
This is indeed similar to eq. (4.38) but improving upon it because it allows us to go beyond the on-shell
factorization employed in this equation. In the first-iterated N/D solution one identifies the numerator
function N(s) to the tree-level calculation V/?(s) and employs the exact dispersive expression for D(s).
Namely, it reads®

N(s) = VUD(s),

I ) uﬂwffm, p(sHWYD(s)
D(s) = - 5Ya(s = — ) ¢ ’
()= Yo #7158 = )+ 37l = sy)” + = w6 = s = osY
N
e DEg | (4.40)

with the phase space factor p(s) given by p(s) = o(s)/16x. We have taken three subtractions in the
dispersion relation for D(s) because yVI )(s) diverges as s> for s — oo,

From our present study we have concluded that TYD(s) is stable in the threshold region under
relativistic corrections as well as under the addition of coupled channels. Because of the stability of the
results in this region under relativistic corrections and by visual inspection of the potentials in fig. 4.5 we
conclude that the near-threshold region is quite safe of the problem related to the branch-point singularity
of the LHC associated with one-p crossed-channel exchanges. We then determine the subtractions
constants, y,, v; and vy, in D(s) by matching 7'y (s), eq. (4.40), and VD (8), eq. (4.38), around threshold
(sy,)- At the practical level it is more convenient to match 1/7(s), so that in the threshold region up to
O(s3) one has:

I 2 @—mﬁj“, p(sHV(s)
Yo+ Yi(s—=85)+ =ya(s =5, ) =1=-V(s)G.(5) - —— ds - - -
A A T Jy (8 s - ()
= w(s) . “4.41
In this way,

Yo =1 = V()G (sy) »
71 :w’(sth) s
0% =w"(sth) . 4.42)

The dependence of our present results on the cutoff used in TV! )(s) stems from the matching conditions
of eq. (4.42). However, let us stress that the analytical properties of D(s) and N(s) are correct, they
have the RHC and LHC with the appropriate extent and branch point singularities, respectively, and the
resulting amplitude is unitarized.

Results J = 0,1 =0

We plot D(s) for (J,I) = (0,0) in fig. 4.9 for ¢g,,,,, = 0.7, 1 and 1.3 GeV by the red solid, green dashed
and blue dash-dotted lines, in order. The crossing with the zero line (dotted one) indicates the mass of the
bound state. This mass decreases with increasing g .., being around 1.4 GeV for the largest cutoff and

8A comprehensive introduction to the N/D method is given in refs. [109, 131, 211-214].
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Figure 4.9: D(s) function, eq. (4.40), for (J,I) = (0, 0). Above threshold only the real part is shown.

very close to threshold for the smallest. In fig. 4.10 we compare the real (left) and imaginary parts (right
panel) of D(s) and D, (s) = 1 - V(s)G,(s) for a cutoff of 1 GeV. We do not show more values of the cutoff
because the same behavior appears. The function D(s) and Dy, (s) match up to around the branch-point
singularity at /s = 3mﬁ. Below this, Dy, (s) becomes imaginary, cf. eq. (4.39), while D(s) remains real
and has the right property by construction, cf. eq. (4.40). Above threshold the imaginary parts of both
functions coincide as demanded by unitarity. We see that for these quantum numbers our new improved
unitarization formalism and the one used to derive eq. (4.22) agree very well. The bound-state mass
remains the same as given in table 4.1 because the functions D(s) and D,(s) match perfectly well in
the region where these poles occur, as it is clear from fig. 4.10. This should be expected because for
(J,I) = (0, 0) the branch point singularity was much weaker than for other cases, e.g. (J,I) = (2,0), as

discussed above.

(J)=(00) ReD(s)
T

T T
ReD, Gng,=1 GeV
ReDyy, Gay=1 GeV

.
14
E (GeV)

(J1)=(00) ImD(s)

T T
ImD, Gma,=1 GeV
ImDy, Q=1 GeV

.
1.4
E (GeV)

Figure 4.10: (J,1) = (0,0). Real (left) and imaginary (right panel) parts of D(s) compared also with D (s) =
1 - V()G (s) from leading-order UChPT.
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Figure 4.11: D(s) function, eq. (4.40), for (J,I) = (2,0). Above threshold only the real part is shown.

Results J =2, 1 =0

We plot D(s) for (J, 1) = (2,0) in fig. 4.11 for g, = 0.7, 1 and 1.3 GeV by the red solid, green dashed
and blue dash-dotted lines, respectively. We can see that in this region the function D(s) is large and
negative so that there is by far no pole in the f,(1270) region. In order to show the curves more clearly
we use only ¢, = 1 GeV in fig. 4.12, for other values of ¢ ,, the behavior is the same. In the left
panel we compare the real parts of Typ(s) (black solid) and T(zo)(s) (red dashed) while in the right panel
we proceed similarly for the real parts of D(s) and Dy(s) = 1 — V(ZO)(S)GC(S), with the same type of lines
in order. All the functions match near the threshold region and above it, but they strongly depart once
we approach the LHC branch-point singularity at s = 3m§ and beyond (for smaller values of s). Notice
that D(s), which has not such branch-point singularity, follows then the smooth decreasing trend already
originated for 3m? < s < 4m?. For (J, I) = (0, 0) the corresponding smooth trend is that of a decreasing
fu(rzlg)tion, cf. fig. 4.9. The branch-point singularity is clearly seen in T@(s) because it is proportional to
V().

In summary, the conclusions obtained in Sec. 4.2.2 regarding the generation of the pole that could be
identified with the f;(1370) and the absence of that associated with the f,(1270) as claimed in ref. [115]
fully hold. As a matter of fact, they get reinforced after considering the more elaborated unitarization
process that is obtained here by taking the first-iterated N/D solution.

4.2.4 Summary and conclusions

In this section, we have revisited the issue of resonance generation in unitarized pp scattering using a
chiral covariant formalism. The main results of our study can be summarized as follows:

i) We have developed a partial-wave projection formalism that is applicable to the covariant treatment
of pp scattering. In particular, we point out that accounting for the full p-meson propagator leads
to a branch point in the partial wave projected amplitudes at s = Smﬁ ~ 1.8 GeV?, about 208 MeV
below the 2p threshold. This branch point does not appear in the extreme non-relativistic treatment
of the propagator.

ii) Evaluating the T-matrix using the standard form, see eq. (4.22) that treats the left-cut perturbatively,
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Figure 4.12: (J,I) = (2, 0). Left panel: real part of Ty (s) (black solid) compared with that of T(ZO)(s) (red dashed).
Right panel: comparison between the real parts of D(s) (black solid) and Dy, (s) = 1 — V(zo)(s)Gc(s) (red dashed).

iif)

we find a pole in the scalar isoscalar channel close to the pp threshold that can be associated with
the f,(1370) resonance, in agreement with the findings of ref. [115], though there are minor
quantitative differences.

In contrast to ref. [115], we do not find a tensor state below the scalar one. This can be traced back
to the influence of the aforementioned branch point. We therefore conclude that the state that is
identified in ref. [115] with the f,(1270) is an artifact of the non-relativistic approximation and its
generation does not hold from the arguments given in that reference.

We have also worked out the effects of the coupling between channels with different orbital angular
momenta, which lead to additional states. These, however, have negative composite coeflicients
and are thus not amenable to a simple bound state interpretation. As these states are close to the
branch point at s = Smﬁ, the perturbative treatment of the left-hand cut, as employed here, is
certainly not sufficient to decide about their relevance.

We have improved the treatment of the left-hand cut by employing the first-iterated N/D method,
in particular this method avoids the factorization approach of leading order UChPT. We worked
the solutions that follow for uncoupled scattering in the (J, 1) = (0,0) and (2,0) channels. The
outcome fully agrees with the conclusions already obtained from UChPT and, notably, the absence
of a pole that could be associated with the f,(1270) is firmly reinforced.

A lesson from points iii) and v) is clear. A strongly attractive interaction in a given channel is a
necessary but by far not sufficient condition to generate a multi-hadron bound state. This argument, as
used in ref. [115], is in general terms too naive because it does not take into account the possible raise
of a singularity in the true potential between the range of validity of the approximation used and the
predicted bound-state mass from the latter. It could be rephrased as trying to deduce the values of the
function 1/(1 + x) for x < —1 by knowing its values for x around 0.

We conclude that the approach presented here should be used to investigate the possible generation of
meson resonances from the interaction of vector mesons. In the next section, we will investigate how the
relativistic effects affect the conclusions of the SU(3) calculation of ref. [116] and will further sharpen
the framework along the lines mentioned, in particular by solving exactly the N/D equations [212—
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214].0n top of this, a realistic treatment of the meson spectroscopy in the region above 1 GeV definitely
requires the inclusion of more channels than just pp (or more generally vector-vector ones). However, the
formalism developed developed here could be very useful to accomplish this aim phenomenologically if
implemented in multi-channel studies, e.g. by extending the work of ref. [209].

4.3 Covariant vector meson-vector meson interactions and
dynamically generated resonances’

The extension of vector-vector interaction to SU(3) is given in ref. [116], however, in an extreme non-
relativistic form as in ref. [115]. Up to 11 dynamically generated states were reported. While six of them
are assigned to the f,(1370), f,(1710), £,(1270), f5(1525), a,(1320) and K;(1430) resonances, the other
states with the quantum numbers as &, a,, b, K, and K, could be tested by future experiments. Since
the work employed is the same extreme non-relativistic formalism as in ref. [115], a relativistic covariant
revision is needed.

This section is devoted to the extension to SU(3) case in a covariant formalism. It is worth mentioning
that for each single channel the left-hand cut is located below the corresponding unitarity cut. The nearby
left-hand cut may plague the determination of the pole positions [215]. Therefore, the poles associated
are reliable as long as they are sufficiently far away from the left-hand cuts. In the coupled-channel
interactions, dynamic left-hand cuts associated with the #- and u-channel vector-exchange diagrams
overlap with the unitarity cut. Thus, this invalidate the unitarization formula (3.100). A more systematic
way to deal with the unitarity and the dynamic singularities is provided by the N/D method [109, 156,
185]. However, a complete solution of the coupled-channel N/D is extremely difficult. Therefore, we
will use the first-iterated solution of the N/D method as proposed in ref. [158], in sec. 4.2, which has the
correct analytic structure.

This section is organized as follows. In section 4.3.1, the effective Lagrangian in the hidden local
symmetry approach is briefly introduced for S U(3) case and the scattering amplitudes are calculated.
Then the partial wave projection for a relativistic system is performed. The on-shell factorization of the
BSE is applied to the single-channels with different masses to generate dynamical resonances outside of
the left-hand cuts. The improved unitarization formula, i.e. the first iterated solution of the N/D method,
is employed in section 4.3.2 to single-channels and to coupled-channels as well. Finally, section 4.3.3
comprises a summary and outlook.

4.3.1 Formalism

We can use eq. (2.118) with U and V,, being 3 X 3 matrices and defined as:

\/LET(O + \/Lgn nt K*
— - L L 0
O = 7r_ \Eﬂ'_;' v K2 , (4.43)
K K ——67]

The content of this section is in preparation for publication.
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and
\/Li pO + \/LE W ,0+ K*t
_ — 1.0 1 %0
V= Jel \/jp_ + 5@ K . (4.44)
K*— K*O ¢ .

Expanding the Lagrangian (2.118) up to two pseudoscalars for the relevant terms, we find
Liass =ag’ [V, V9,
Lyow =-i59(V"[0,6,01),
Lyyy =igl@,V, -9,V ) V'V,
Lyyyy = %gZ(VMVVV“VV -V, VRV, V). (4.45)
Again, we choose a = 2 to get the vector-coupling universality and KSRF relations.

Unlike the last section, we have plenty of combinations for allowed scatterings. Therefore, we define
general amplitudes. At tree level, the Feynman diagrams needed are displayed in fig. 4.13, The amplitude

(@) (b)

Figure 4.13: Possible Feynman diagrams for the tree-level amplitudes for the vector-vector scattering. The u- and
t-channel vector-exchange diagrams are not shown explicitly.

for the process V(p)Va(py) = V3(p3)V4(p,) can be written as
A(s,t,u) = A(s, tu) + A(s, t,u) + A, (s, t,u) + A (s, 1, u), (4.46)

where A, A,, A, and A, correspond to the four-vector-contact diagrams, i.e. (a) in fig. 4.13, #-, u- and
s-channel vector-exchange diagrams, respectively.

The contributions to the contact amplitudes from Ly, which are independent of the momenta of
vectors are given by

2
A (s, t,u) =g Ci(2€, 6,6 €, — €, € 6 €4 — € "€ & €)
2 * * * * * *
—gC 26 €6 -€ 66 €€ 66 €),
=C,A! + C,A%, (4.47)
where Ei(*) is the polarization vector of the i™ external vector meson. The polarization vector can be
characterized by the corresponding three-momentum p; and the third component of the spin in its rest
frame, and the explicit expression for the polarization vectors can be found in app. E. The two structures
in eq. (4.47) which are symmetric by exchanging €, < ¢ is due to the two operators in Ly .
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Considering the vector-exchange amplitudes, for the s-channel diagram exchanging a vector V with
mass My, it has the form

A(s,t,u) = CYAY (s, 1, u) (4.48)

M? — M3 (M? - M?
[61-626§-62(u—t—( ! 2)(M; 4))

=cV
Ps-M; M3

£ 3k £ £ 3 £
+4(63'E4 (€ Pr& P3—€ P36 p)+6&-p(€ P3€ -6 =€ py€ -€)

* * * * 4 * * * *
+€1'P2(€3‘P4€2'€4—€4'P3€2'€3))— € 66§ P& P3—6 Ps& P

with M; the mass of the i™ external vector meson. The 7- and u-channel amplitudes A,V and Ax can be
obtained from AY by performing the exchange p, < —p;, & < € and p, © —p,, € © €,, respectively.

We study the scattering amplitudes in the isospin basis instead of the particle basis as in the previous
section. The scattering processes can be classified by the strangeness S and isospin I of the system.
There are 7 independent channels in total. The corresponding quantum numbers (S, /) of the scattering
systems are (0, 0), (0, 1), (0,2), (1,1/2), (1,3/2), (2,0) and (2, 1), among which (0, 2), (1,3/2), (2,0) and
(2, 1) are single-channels. For (S, I) = (0, 0), there are five channels: pp, K*K*, ww, wp and ¢¢. The
(S, 1) = (0, 1) has four channels: pp, KK*, pw and p¢, and the (S, 1) = (1, 1/2) has three channels: pK~,
K*w and K" ¢. The phase convention we use is

p*) =~ +1), |1€*°> =-|3+3

Ll > . (4.49)

Expressed in (S, /) basis, the tree level scattering amplitudes are given by

AP,y = T CSPAls L+ Y CISDA (s, 1w, (4.50)
=12 V:p,K*,w,(b
Jj=s,tu

where the coefficients are collected in table 4.6.

In this section, we only consider the S —wave scattering interactions. Angular momentum coupled-
channel effect is considered in the last section 4.2. We have seen that it led to the presence of an artificial
pole with anomalous properties. It has a negative residue and compositeness coefficient, which is at odds
with the probabilistic interpretation of a bound state. The presence of the extra pole is attributed to the
unitarization which treats the left-hand cut perturbatively. Apart from the extra artificial pole, including
coupled-channel effects reproduce the pole with close properties of that in the uncoupled case. For
simplicity, the coupled-channel effect from the different possible orbital angular momenta is not taken
into account. We only focus on the channels with angular momenta. Therefore, £ = £ = 0 in eq. (4.20).

If we generalize eq. (4.21) to two different masses for a #-channel amplitude, we get

1 (! 1 s
3 dcos 0 3 =-
-1 t—m" +ie 2 2 2 2
\//l(s,ml,mz)/l(s, m3, ny)
I’I’L% n m% _ (s+m%—m%)(s+m§—mﬁ) _ ‘V/l(s,m%,mg)/l(s,mg,mi) _ m2 +ie
2s 2s
x log . (450)
m% + m% _ (s+m%—m§;is+m§—mﬁ) + Vxl(s,m%,m;;/l(s,mg,mi) _ m2 e
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Table 4.6: The coefficients of the tree-level vector-vector scattering in the (S, /) basis.
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4.3 Covariant vector meson-vector meson interactions and dynamically generated resonances

with A(a, b, ¢) = a* + b* + ¢* — 2ab — 2bc — 2ac the Killén function. A projection for a u-channel can
be obtained from eq. (4.51) by the crossing symmetry p; <> p,. The locations of the left-hand branch
points of the partial wave amplitudes depend on the channel. In an algebraic method of unitarization,
e.g. on-shell factorization of Bethe-Salpeter equation, an unphysical left-hand cut of a given channel
is transported into other channels as long as the transition amplitude is non-vanishing. As a result, all
left-hand cuts are retained in all processes for a coupled-channel via the determinant. In general, the
presence of left-hand cuts is not fatal as long as all left-hand cuts are located below the lowest threshold.
The associated poles are reliable unless they are located sufficiently near left-hand cuts. However, once a
left-hand branch point is located above the lowest threshold, the algebraic approach start to be problematic.
Unfortunately, it happens in our case and an improved unitarization has to be used to investigate the
possible dynamically generated resonances and bound states.

On-shell factorization of the Bethe-Salpeter equation

When we use the BSE, eq. (4.22) to obtain the unitary partial wave amplitude, G(s) can be written for
two different masses as

d*q 1
Gi(s)=i , 4.52
(=1 f @ (¢* = M3 + ie)(P — q)* — M5 + i€) *>2)

and its explicit expression in dimensional regularization becomes

1 M s-Mi+M; M; o s s
Gi(S) = 167r2(a(/1)+10g#—2+T10gﬁ%+£[10g(5‘—M2+M1+0') (4.53)

—log(—s + M5 — M} + &) +log(s + M5 — M} + &) — log(~s - M5 + M} + o)),

with

o= (s — (M, + My)(s — (M, — My)?) (4.54)

and a(u) is a renormalization scale p-dependent subtraction constant. The subtraction constant a(u)
depends on the quantum numbers S and J, but not on / due to the isospin symmetry.
When we use the cutoff regularization, we obtain two different particle version of eq. (4.26):

2 2
) s—A+o,/l+ 1;4‘ st+A+o,[1+ 1\242
¢ 1 A M] (oA Imax Imax
Gi(S) = P{_;logﬁ-'—;[log - +10g - ]
d 2 —s+A+o, 1+ —s—A+o 1+ 2L
Imax Imax
MZ
1 1 !
TN T M M? MM
+ 2—log —210g[(1+ 1+2—)(1+ 1+2—)]+10g 2 },
§ 1+ 1+ 1‘24% Qmax Qmax Qmax
qmax

(4.55)
with A = M% - M%. In this section, to investigate the dependence of the associated pole on the cutoff, we

employ the values ¢,,,, = 0.775 GeV, 0.875 GeV and 1.0 GeV successively as in previous works [115,
116] and as in the last section.
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Chapter 4 Chiral Covariant S U(2) and S U(3) Vector Meson Interactions

Before unitarizing the amplitudes, we first investigate the left-hand cuts of amplitudes to make sure
that the they are located lower than the right-hand branch point (the lowest right-hand branch point
for coupled-channels). The coupling constant g = ﬁ = 4.596 is evaluated with the average mass
of vectors and f;, = 92.4 MeV. The locations of the left-hand branch points can be easily calculated
by making use of eq. (4.51) and (4.50). For the channel (S,7) = (0,0), while the lowest threshold
is 2M,, = 1.550 GeV, the left-hand cuts start from 1.606 GeV and 1.602 GeV for t-channel p- and
w-exchange diagrams, respectively, for K*K* — K*K", see e.g. in fig. 4.14. In addition, the left-hand
branch points are located at 1.558 GeV and 1.673 GeV for K*K* — w¢ and ¢, respectively, which are
above the pp threshold. The overlap of the left-hand cut and right hand cut makes the coupled-channel
unitarization, (3.99), problematic. Therefore associated poles become problematic as well. A naive use

- (80=00) | 3 (SN)=(1,1/2)

100} g J=0 ] 100+ J=0
0 L I R SR oK* threshold N
« ‘
< N 1 % BOF - K*¢ threshold
I -100} \ ’ 3
X 3 5 /
—200F ... pp threshold \_‘/
Y S K*K threshold :
-400 k. ‘ ‘ i b - ‘ ‘ ‘ - = :
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
Vs (GeV) Vs (GeV)

Figure 4.14: §S-wave potentials for K*K* — K K* with (S,1,J) = (0,0,0) and K*¢ — K"¢ with (S,1,J) =
(1,1/2,0) for our calculation (real part: blue line, imaginary part: yellow line). The corresponding threshold and
the lowest threshold for coupled-channels are represented by the black and red dotted lines, respectively.

of eq. (3.99) to the coupled-channel leads to a branch cut along the whole real axis. The pole found in
the single channel below the pp threshold is not reproduced in the coupled-channel case, see in fig. 4.15,
where the determinant for the single pp channel and the coupled-channel cases are plotted with the cutoff
Gmax = 0.875 GeV. It confirms the invalidation of eq. (3.99) for coupled-channel with the overlap of the
left- hand and right-hand cut.

The overlap of the left-hand cut and the right-hand cut is present for all the coupled-channels, i.e.
(S,I) = (0,1) and (1, 1/2), see e.g. in fig. 4.14. For the (S,1) = (0, 1), the left-hand cuts start from
1.606 GeV and 1.554GeV for K'K* — K*K* and K*K* — p¢, respectively, which are located above
the lowest threshold, i.e. 2Mp = 1.551 GeV. The lowest threshold for the channel (S,71) = (1,1/2)
is 1.667 GeV, while the left-hand branch point of K*¢ — K¢ is located at 1.689 GeV. It is worth
mentioning, however, that not all the left-hand cuts are present for all partial-wave projected amplitudes.
For some angular momenta J, the partial wave amplitude vanishes. In particular, for (S, 7, J) = (0,0, 1),
the only non-vanishing potential is for K*K* — K*K", such that it reduces to a single-channel with the
threshold 1.783 GeV, above the corresponding left-hand cuts. As a result, the unitarization formula (3.99)
can be employed in this case.

In the S U(3) case, we are only interested in pole structures of the unitarized amplitudes. Poles located
on the physical Riemann sheets are associated with possible bound states, and those on the unphysical
sheets are associated to possible resonances (including virtual states), see sec.3.2.2. Each loop function
G,(s) has two Riemann sheets: the first/physical and the second/unphysical sheets, denoted as G{ (s) and
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Figure 4.15: The determinant of the unitarized amplitudes for the single channel (pp) and the coupled-channel
evaluated with the cutoff 0.875 GeV (real part: blue line, imaginary part: yellow line). Note that no pole is
reproduced below the pp threshold.

Glu(s), respectively. Different sheets can be characterized by the sign of the imaginary part of the loop
function on the right hand cut. The expression in eq. (4.53) and (4.55) define the physical Riemann sheet,
while the expression for the second sheet can be obtained by analytic continuation via, cf eq. (3.62)

G'(s + i€) = Gi(s + ie) — 2i Im G (s + ie). (4.56)

A+ (8.1.4)=(2,0,1) ] (S1d)=@01) RS-l -
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Figure 4.16: The determinant of K*K* — K*K* with (S, 1,J) = (2,0, 1) on the real axis of physical sheet (RS-I)
and unphysical sheet (RS-II). The artificial pole due to the unphysical left-hand cut is denoted by the red cross.

In this part, we focus on the single-channels, i.e. (S,1) = (0,2), (1,3/2), (2,0), (2,1) with J =0, 1,2
and (S, 1,J) = (0,0, 1). For channel (S, 1) = (0,2), (1,3/2) and (2, 1), no pole is found on both physical
and unphysical sheets. For the (S, 1) = (2, 0), only the system with J = 1 survives under the partial-wave
projection. A pole located at 1.613 GeV (calculated with the cutoff ¢,,,,, = 0.875 GeV), lower than the
K*K" threshold 1.783 GeV, is found on the physical Riemann sheet, see e.g. in fig. 4.16. It is naively
expected to be associated with a bound state of K*K*. However, inspection of the pole position shows
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Chapter 4 Chiral Covariant S U(2) and S U(3) Vector Meson Interactions

that its existence is attributed to the presence of the left-hand cut, starting from 1.606 GeV, which is
very close to the pole position. The left-hand cut is the result of the on-shell approximation, and should
be absent in a complete solution of Bethe-Salpeter equation (at least in the determinant). In addition,
the N/D method shows that the determinant of the unitarized amplitude is free of any left-hand cut.
In fig. 4.16, it is easy to see that the zero point of the determinant, denoted by the red cross, which
is identified as the pole of the amplitude is caused by the sharp dip due to the left-hand cut of #- and
u-channel p-exchange diagrams. In this respect, the presence of the pole near the left-hand cut is just an
artifact of the unitarization formula (3.99) that treats the left-hand cut perturbatively. Furthermore, a pole
at 1.724 GeV is found on the second Riemann sheet. However, from the fig. 4.16, it may be a remnant of
the dynamic singularity.

& (S1)=00.1) 1 i (S1d)=(0,0,1) ]
Omax=0.775 GeV 5 ] Qmax=1.0 GeV ]
« 0 \/v . l 1
D : 1 5 ’ : ]
N : 1« ‘
& f 1 XA ]
= . 1 o
a ! 1 e
-2 5 S
''''' KK~ threshold ] - KK threshold
-3}, ‘ ‘ ‘ B SI:18 ‘ ‘ ‘ - .
1.4 1.5 1.6 1.7 1.8 1.9 1.4 1.5 1.6 1.7 1.8 1.9
Vs (GeV) Vs (GeV)

Figure 4.17: The determinant of K*K* — K"K with (S, 1, J) = (0,0, 1) on the real axis with the cutoff ¢,,,, = 0.775
GeV and 1.0 GeV, respectively. The artificial pole is denoted as a red cross and the pole associated with a bound
state is denoted as a ring.

The same situation can be found in the channel (S,1,J) = (0,0, 1) as well, see e.g. in fig. 4.17.
Besides a pole near the left-hand cut, however, with the cutoff g,,,,, = 0.875 GeV, an additional pole
at 1.782 GeV which is very close to the threshold 1.783 GeV is found. This pole is subtle since its
position and its presence is sensitive to the cutoff we use. As the cutoff increases, the pole position moves
deeper below the threshold, while if we decrease the cutoff the pole moves towards the threshold and
at ¢« = 0.808 GeV, the pole disappears on the first Riemann sheet and shows up on the second sheet
as a virtual state (on the real axis below the threshold). The determinants are plotted in fig. 4.17 with
cutoff g,,,,, = 0.775 and 1.0 GeV, respectively. The situation for the pole near the threshold on the first
Riemann sheet and on the second sheet are shown in fig. 4.18. For different choices of the cutoff, the pole
shows itself either as a bound state or a virtual state near the threshold. The dependence of the pole on
the coupling constant g is motivated by its sensitivity to the cutoff. As a comparison, we study the pole
using the coupling evaluated at g, = 2M,,/ f; = 4.168. The pole is found on the second Riemann sheet
for each cutoff g,,,, = 0.775, 0.875 and 1.0 GeV. It turns to be a virtual state at ¢,,,, = 1.033GeV. A
comparison of different choices of the coupling and cutoff can be found in table 4.7. For other channels,
pole structures are insensitive to the coupling constant and cutoff. Apart from poles located close to the
left-hand cut and thus are ruled out, results for single-channels in this section are consistent with the
result of ref. [116] where a pole at 1.802 — 0.078i GeV is reported which corresponds to the pole in
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4.3 Covariant vector meson-vector meson interactions and dynamically generated resonances

table 4.7 '°. Itis expected since this pole is very close to the corresponding threshold and the extreme
non-relativistic approximation works without a problem.

0.2
0.0 /\S\ _______
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Figure 4.18: The part part of the determinant of K*K* — K*K* with (S, 1, J) = (0,0, 1) on the real axis of the first
(blue line) and the second Riemann sheet (yellow dotted line) with the cutoff g,,,, = 0.775 GeV and 1.0 GeV,

respectively.

Table 4.7: Pole positions (in GeV) evaluated with different cutoffs ¢,,,, (in GeV) and couplings. The subscript B
and V stand for bound state and virtual state, respectively.

(S.1,7) = (0,0, 1) | grax = 0.775 | G = 0-875 | Gy = 1.0
g = 4596 1783y 1782 1.769
g =4.168 1.774y 1779y 1783y

4.3.2 First iterated solution of the N/D method

In general, the overlap of the artificial unphysical cut and the right-hand cut breaks the unitarity and
analyticity, and thus leads to the invalidation of the unitarization formula (3.99). One way to avoid
this problem is to employ the N/D method [109, 156, 158, 185] to the coupled-channel systems, see

sec. 3.4.3.
For the first iterated solution, see eq. (4.40) and for the matching condition eq (4.41). If we extend this

to coupled channels, we have

N(S)l‘j = V(S)ij, 4.57)
(s— sihr)s2 f‘x’ ds P(S,),'V(S/)ij
T S = sp)(s = 9)s

. 1 -
D(s);; = voij + Y1ij(s = She) + 572;']'(5 = St)” + 72’

with y the subtraction constants and the subscript i and j the channel indices whereas matching conditions

'"Notice that the pole position has an imaginary part in ref. [116] due to the convoluted propagators in loop functions.
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has the form

; 1 i 2 (s— sih R A CONACR Y
Yoij T Y1ij(s — Sthr) + Eylij(s — Sth)” = —g{(HV($);; — — f ds —— : p N )
4 sie (87— Sp)(s” — 8)s

= w(s)l-j, (4.58)

where the contributions of O((s — sthr)3) is neglected. The subtraction constants depend on the cutoff
dmax Via the matching conditions (4.58). Note that for each scattering process, the left-hand branch point
associated with the 7- and u-channel diagrams are located lower than its own threshold, although they
may be above the lowest threshold with the same quantum numbers.

The continuation of D function to the second Riemann sheet has the form ''

2 (- si)s? f‘x’ g5’ P V(s 4.59)

1 mo, I i 1 i
D7(8)i; = Yoij + V1ij(S = Se) + 572i5(5 = Sine) T ; (s — S )5 —9) 2
St s = S8 = 8)s

2

Likewise, the subtraction constants y"s can be determined by matching

‘ 1 ; (s— st Vs> [ Y CONYLEDT
o+ s = st + 37805 = sh? = =gl V(o) + I [Ty LA

P R (GO D
= w''(s),;. (4.60)

In this way, we have

11 Il
7( ) — )(sthr)

0ij i
an _ @, i
1ij =W (sine)ijo
I I i
Yo = ™ (st (4.61)

The Obtained D functions have the correct analytical properties on both the first and second Riemann
sheets, see e.g. in fig. 4.21, where the associated zero points correspond to possible dynamically generated
resonances or bound states. For comparison, the real parts of the determinants of N/D and of (3.99),
denoted by Dety,, and Det,, respectively, are ploted in fig. 4.21.

Single-channels

In this section, we first consider single-channels. In the N/D method, the determinant of amplitudes
is free of any unphysical cut. Thus, it is expected that the poles, due to the presence of left-hand cuts
found in the unitarization formula, see e.g. in Figs. 4.16 and 4.17, should be absent in the N/D method.
It is the case for the pole on the first Riemann sheet, see e.g. 4.16, in channel (S, 1, J) = (2,0, 1), see in
fig. 4.19. For (S,1,J) = (0,0, 1), the pole on the first Riemann sheet is found much deeper than that
in BSE, see in fig. 4.19. It stems from the matching condition (4.58) where the contribution from ¢-
and u-channel diagrams still play a role to let the determinant eventually to vanish at some point. The
position of this pole dramatically depends on the coupling and the cutoff we use and much below the
threshold. Therefore, these strongly indicate that it is an artificial pole due to the perturbative treatment
of the left-hand cut. However, the pole on the second Riemann sheet for (S, 7,J) = (2,0, 1) is changed

1
""The usual continuation 7"(s) = (N)’I—Z would introduce unexpected left-hand cuts into unphysical Riemann sheets.
D) TP
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barely. The fig. 4.20 indicates that the formation of the virtue state stems from the #- and u-channel
diagrams via the matching condition (4.58). The pole corresponding to either a bound state or virtual
state in channel (S, 1, J) = (0,0, 1), which is close to the threshold, changes barely. It is not a surprise
since the difference between the two methods is of O((s — s,,)°).
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Figure 4.19: The real part of the determinant of (0, 0, 1) and (2, 0, 1) based on the N/D and algebraic approximation
of BSE. The pole due to the left-hand cut is absent for (2, 0, 1), and is moved to very deep (around 1.49 GeV) below
the threshold where the matching (4.58) applicability is in question.
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Figure 4.20: The real part of the determinant on the second Riemann sheet of (2, 0, 1) based on the N/D and BSE.

Apart from above poles, additional poles are found on the second Riemann sheet for channels
(5,1,J)=1(0,2,2), (1,3/2,2) and (2, 1, 2), which are absent in the algebraic approximation of the BSE,
see e.g. table 4.8. All of them are located on the unphysical Riemann sheet in the tensor sector. An
inspection shows that the discrepancy stems from the badly matching of eq. (4.58) far away from the
threshold on the second Riemann sheet in the corresponding channels. The matching condition eq. (4.58)
works well sufficiently for the J = 0 and J = 1 channel. However, for the tensor sector, the matching is
much worse, especially for the second Riemann sheet, see e.g. in Figs. 4.21 and 4.22, where the Det,
represents the determinant of eq. (3.99). The poles in table 4.8 are located around 0.3 GeV away from
their threshold, and thus beyond the reliability. As a consequence, we do not relate these poles to physical
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resonances.

Table 4.8: The pole positions (in GeV) on the second Riemann sheet evaluated with g = 4.596 and ¢,,, = 0.875
GeV for the first iterated solution of the N/D method.

Channel Process Threshold [GeV] | Pole position [GeV]
(S,1,J)=(0,2,2) 0P — pp 1.55 1.73 £0.21i
(S,1,J) =(1,3/2,2) | pK" — pK* 1.67 1.85 +£0.21i
S, 1,))=2,1,2) | K'K" - K'K* 1.78 1.97 £ 0.22i
4 FT T T T T T ‘ T T T T T T T T T T ™ 30 7‘ T T T T . T T T T T T T T T T T 1—
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Figure 4.21: The real part of the determinant of channel (S, 7, J) = (1,3/2,0) and (1, 3/2,0) on the first and second
Riemann sheet evaluated with the cutoff g,,,, = 0.875 GeV. The superscript I and II indicate on which Riemann
sheet are plotted, and the subscript denotes the unitarization formula.

Coupled-channels

The bound state in channel (S, 7, J) = (0, 0,0), which is absent in the BSE, is obtained in the coupled-
channel version, see in fig. 4.23. It is consistent with the extreme non-relativistic limit in ref. [116] and
with results of the previous section. One may wonder the reliability of this pole since it is deeply below
the ¢¢ threshold where the D(s)ss is matched via eq. (4.58). To show that this pole is reasonable, we
calculate its residues which stand for its coupling to various channels. They are defined as

9i9;
s

(4.62)

b
~ Spole

with i the channel index and g; is the effective coupling to channel i. A calculation shows that the
coupling of the bound state to the pp channel dominates and the channels with higher thresholds are
negligible. In addition, a pole located at 1.68 +0.02i GeV is found on an unphysical Riemann sheet which
is associated to a possible resonances. It corresponds to the pole 1.726 + 0.028i GeV which is assigned
to f(1710). It is not surprising since the channel K*K* dominates whose threshold is close to the pole
position and thus the non-relativistic limit makes sense. It is worth stressing that its position largely
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Figure 4.22: The real part of the determinant of channel (S, 7,J) = (2,1,0) and (2, 1,0) on the first and second
Riemann sheet evaluated with the cutoff ¢,,,, = 0.875 GeV. The superscript I and II indicate on which Riemann
sheet are plotted, and the subscript denotes the unitarization formula.
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Figure 4.23: The determinant of channel (S, I, J) = (0,0, 0) and (0, 0, 2) on the first Riemann sheet evaluated with
the cutoff g,,,, = 0.875 GeV.
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Chapter 4 Chiral Covariant S U(2) and S U(3) Vector Meson Interactions

depends on the coupling and cutoff. So far, the scalar and vector sectors of (S, /) = (0, 0) are consistent
with the non-relativistic result in ref. [116]. In ref. [116], two bound states, assigned to f5(1270) and
f5(1525), are reported in the tensor sector. However, no bound state is found in this channel fig.4.23,
which agrees with the SU(2) relativistic result in the previous section. Instead, a resonance located at
1.93 £ 0.15i GeV is found. As discussed in section 4.3.2, the matching condition (4.58) does not work
very well on the unphysical Riemann sheet for the tensor sectors. From table 4.9, it is easy to see that all
poles in the tensor sector are found on the unphysical Riemann sheet, in particular for the dominating
channel. The relative distant positions of the poles from thresholds (of the dominating channels) indicate
that these poles are “artificial". Hence, we do not relate them to physical resonances. For the channel
(S,1) = (1,1/2), a pole around 1.64 GeV is found, see e.g. table 4.9, which corresponds to the bound
state at 1.643 + 0.047i GeV in ref. [116] 12 However, the bound state in the tensor sector reported in
ref. [116] is not found in this work, see e.g. fig. 4.24.

2.0 : P 10+ : b
5L (SL=(120 ] 5t - Glo=a22)
1.0f ] 0

Re Det
o o
o (6)]
w
%)
m
Re Det
|
- |
o [6,]

,,,,,,, PK* threshold ]

-05F : ‘ . -15[ 3 N/D ]

rrrrrrrrr pK: threshold \ ~ | ; 1

ks ! BSE ]

_1.07‘ T S S T T I T S S N ‘3‘ T S T T S Y T Y S ‘7 _207\ Il Il Il ‘ Il Il Il \i

13 14 15 16 17 18 19 20 13 14 15 16 17 18 19 20
Vs (GeV) Vs (GeV)

Figure 4.24: The real part of the determinant of channels (S,17,J) = (1,1/2,0) and (1, 1/2,2) on the physical
Riemann sheet evaluated with the cutoff g,,,, = 0.875 GeV. A bound state is found in the scalar sector for the first
iterated solution of N/D, while no bound state is there in the tensor sector.

To investigate the dependence of the pole position on the coupling and cutoff, we search the poles with
different choices of g and ¢,,,,,. A list of the poles in the region we are interested in is given in table 4.9.
Resonances in the scalar and vector sectors having small width is due to that we neglect the width of
p and K*. A convolution of G functions over the mass distribution of vector mesons will give a width
to bound states and resonances related to the p — 7 and K* — 7K decays. In addition, box diagrams
with four intermediate pseudoscalars give a width to resonances/bound states due to decaying to two
pseudoscalars [115, 116]. However, to that end, we have to introduce model-dependent form factors and
the width strongly depends on the cutoff we use in form factors. However, the real part of pole positions
is merely affected. In this section, only the possible dynamically generated resonances are considered.
Thus, we will not introduce the convolution of loop functions and the box diagrams to broaden the width
of resonances, which is sensitive to form factors.

4.3.3 Summary and conclusions

We have briefly reviewed the pp interaction and the dynamically generated resonances with the conclusion
that the disappearance of the tensor bound state in the non-relativistic formalism [115] stems from missing

"2Note that the imaginary part corresponding to the width is due to the convolution of the loop functions in ref. [116].
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4.3 Covariant vector meson-vector meson interactions and dynamically generated resonances

Table 4.9: The pole positions (in GeV) evaluated with different choice of coupling and cutoff for coupled-channels.
Here g, = 4.596 and g, = 4.168, and ¢q,,,,; 23 = 0.775, 0.875 and 1.0 GeV, respectively. Only poles located on the
physical sheet and unphysical sheet connected to the physical one are listed. The dominating channels (DCs) are
listed in the second column. The subscript B and V stand for bound state and virtual state, respectively.

(S’ 1, J) DC 91> 9max1 91> 9max2 91> 9max3 92> 9max|1 92> 9max2 92> 9max3
0,0,0) | pp 147, 1.44, 141, 1.50, 1.48, 145,
K'K* | 1.68 +0.02i | 1.63 +0.02i | 1.56 +0.01i | 1.73 £ 0.02i | 1.69 + 0.02i | 1.63 + 0.02i
0,0,2) | K'K" | 1.93+0.15{ | 1.92+0.16i | 1.91 £0.16i | 1.93 +0.15i | 1.92 £ 0.16i | 1.91 £ 0.16i
O, 1,1) | pp 147, 148, 1.50, 1.44, 145, 1.46,
0,1,2) | K'K"| 1.84+0.2i | 1.83+0.2i | 1.83+02i | 1.84+0.2i | 1.84+02i | 1.83+0.2i
(1,1/2,0) | pK* 1.64, 1.62, 1.58, 1.66, 1.65, 1.63,
(1,1/2,1) | pK* | 1.89 +£0.06i | 1.88 +£0.07i | 1.86 £ 0.07i | 1.92 £ 0.05i | 1.88 + 0.07; | 1.88 + 0.06i
(1,1/2,2) | pK* | 1.85+0.13i | 1.85+0.14i | 1.84 +0.15; | 1.85+0.13i | 1.85 +0.13i | 1.84 £ 0.14i

the important energy-dependence of the potential. To deal with left-hand cut associated with the on-shell
factorization, the first iterated solution of the N/D method is employed. Later on, scattering amplitudes
between vector mesons are calculated in the hidden local symmetry approach in the SU(3) frame.
The partial-wave projection is implemented to scattering amplitudes in order to perform unitarization
procedures. The projection for on-shell scattering amplitudes leads to unphysical left-hand cuts, which
overlap with the unitarity cut for coupled-channels in an algebraic unitarization, i.e. on-shell factorization
of the BSE. However, for single-channels the unitarization is still reliable as long as only the region
sufficiently far away from the left-hand cuts is investigated.

In order to avoid left-hand cuts, an improved unitarization, i.e. the first iterated solution of the N/D
method, is employed. Without the left-hand cut in the determinant, the method can be applied to coupled-
channels as well. An analyses of the pole structure shows that relativistic effects are important when the
pole is far away from the threshold. The possible dynamically generated resonances (including bound
states) are listed in Table 4.10. Compared to the non-relativistic result [116], bound states in tensor
sectors, i.e. I(JP ) = 0(2") and 1/2(2"), disappear in the covariant formalism. We stress that the the
disappearance of those bound states is due to the contribution from covariant #- and u-channel amplitudes
via the matching condition (4.58) performed around the threshold which is far away from the left-hand
cuts. For the unphysical Riemann sheet in tensor sectors, the matching only works well in a small region
around the threshold. Poles, that are found in those channels with relatively large imaginary parts, are
dropped due to the discrepancies between the two unitarization methods.

In this section, the left-hand cut is considered perturbatively. Subtraction constants are determined by
matching to the algebraic approximation of the BSE at the threshold. In practice, differences between the
two methods is of order O((s — sthr)3), thus the associated poles outside this region is beyond the scope
of the method. In fact, the extension to a broader energy region needs higher order effective Lagrangians
as well. In addition, the contribution from the large width of p and K™ are not considered, as well as the
box diagrams with intermediate pseudoscalars. A complete considerations of the meson spectroscopy
requires the inclusion of more channels than just vector-vector scatterings. However, this formalism is
phenomenologically valuable only to simply investigate the possible dynamically generated resonances
due to the vector-vector interactions.
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Chapter 4 Chiral Covariant S U(2) and S U(3) Vector Meson Interactions

Table 4.10: Only the real parts of the pole positions (in GeV) are listed. Uncertainties are determined by different
choices of coupling g=g,, g,, and the cutoff g,,,,, = 0.775, 0.875 and 1.0 GeV. The PDG part shows which particle
can be identified as the pole and the Mass part shows the estimated mass value of that particle in the PDG [1].

S IG(JPC) Pole position [GeV] PDG Mass[GeV]

0] 070" [1.41 - 1.50] £,(1370) | [1.2-1.5]
07(0"") [1.56 - 1.73] fo(1710) | [1.72 - 1.73]
0-(1™) [1.77 - 1.78] - -
1a* ) [1.44 - 1.50] - -

1| 1/20% [1.58 — 1.66] - -
1/2(1%) [1.86 — 1.92] K,(1650)? | [1.62 - 1.72]

21 o1 [1.68 — 1.74] — —
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Outlook

At the end of each section of the previous chapter, we have summarized and discussed our results.
Therefore, instead of listing them once again, we would like to provide a few extra comments on the
results and possible future continuations.

We have shown that while a scattering potential is examined for possible bound states or resonances, it
is crucial that the form of the potential is examined properly. In the non-relativistic approach, the LHCs of
scattering amplitudes are neglected by construction. However, these LHCs are shown to be in the vicinity
of some of the poles. These LHCs have a physical meaning. The LHCs start when #— and u—channel
exchange particles become on-shell. As a result, these LHCs should always be present. Moreover, it was
shown in [212] that in low-energy nucleon-nucleon scattering, one-pion exchange (OPE) has the highest
contribution to the LHCs and that this contribution exists for energies s < 4(my — m,2r /4). If we apply
this to the pp scattering, we get s < 3mI2). This is exactly where the LHCs start in fig. 4.5. Therefore,
the LHC contributions should be taken into account for a proper investigation of dynamically generated
resonances and bound states. Finally, we have also argued that not only the consideration of LHCs but
also the consideration of effective ranges is important for the behaviour of the pole. We did not find any
pole in none of the tensor channels unlike in the non-relativistic approach (this can be easily seen in
table 4.11). We argued that the reason for this is the effective range, which is the same for both scalar and
tensor channels in the non-relativistic calculation, whereas they have opposite signs in our results.

Table 4.11: Only the real parts of the pole positions (in GeV) are listed in the second column. Uncertainties
are determined by different choices of coupling g=g,, g,, and the cutoff ¢,,,, = 0.775, 0.875 and 1.0 GeV. The
dominating channels (DC) are listed in the first column. The pole positions II part shows the results of the
non-relativistic calculations in [116]. The PDG part shows which particle can be associated with the founded pole
and the mass part shows the estimated range of mass value for that particle by the PDG collaboration [1].

DC | 1°(JTC) | Pole positions [GeV] | Pole positions I [GeV] | PDG | Mass[GeV]
op | 00T [1.41 — 1.50] 1.51 fo(1370) | [1.2-1.5]
KK | 070" [1.56 — 1.73] 1.73 fo(1710) | [1.72 - 1.73]

KK |0°(1") [1.77 = 1.78] 1.80 - -

op | 02T - 1.28 £(1270) [1.28]
K'K | 072" - 1.53 £/(1525) | [1.52 - 1.53]
K'K | 1700 - 1.78 - -

op | 1717 [1.44 — 1.50] 1.68 - -
KK | 172" - 1.57 - -

pK* | 1/2(07) [1.58 — 1.66] 1.64 - -

oK* | 1/2(1%) [1.86 — 1.92] 1.74 K,(1650) | [1.62 — 1.72]
oK* | 1/2(2%) - 1.43 K3(1430) | [1.42 — 1.43]
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Chapter 4 Chiral Covariant S U(2) and S U(3) Vector Meson Interactions

If we combine our results (from table 4.10) and the non-relativistic results (from [116]), we get
table 4.11. This table shows us that we are able to generate 6 out of 11 poles generated in the non-
relativistic method. We can see that 4 out of 5 of these disagreements are in tensor channels.

We are able to associate 3 of the generated poles with some resonances in the PDG. For the 07(0™™)
channel we can associate two resonances with the poles that we discovered. f;(1370) is found as a bound
state whereas f,(1710) is found on the unphysical sheet. Even though f,(1500) is closer to the pole
position of the bound state that we discovered, the width of f,(1500) is too small to be associated with
the bound state. We mentioned that the calculated width of states with the consideration of convoluted p
and box diagrams highly depend on the form factor values. However, the calculated width for this state is
at least double the width of f,(1500). Moreover, the dominant decay mode of f,(1370) is pp.

There is no associated particle in the PDG in the channel 0" (177). This channel has the quantum
numbers of 4; and it only includes K “K " interaction and does not couple to two pseudoscalars (since it is
spin 1). Therefore, observation of this state in an experiment is difficult.

The 1¥(177) channel has the quantum numbers of b,. The pole we found strongly couples to pp and it
is not allowed to couple to two pseudoscalars. There is no associated particle with this pole, but it was
proposed in [116] to look at the pp invariant mass distribution of J/¢ decay.

Lastly, we would like to comment on the 17(1%7) channel. The discovered pole can be associated with
the K,(1650) with overlapping decay widths. There is no observed decay mode to two pseudoscalars in
the PDG for this resonance which is in agreement with our calculations.

As aresult, we have shown that the chosen unitarization methods should be applied carefully, consid-
ering their limitations. Otherwise, they lead to incorrect analytic properties of the scattering amplitudes.
Moreover, the overlapping of LHCs with RHCs should be avoided in coupled channel interactions. Hence,
we need a unitarization method in which the LHCs can be considered properly. Therefore, a full N/D
analysis is crucial to investigate the deep-lying bound-states and other interactions can be investigated as
well, depending on the results. E.g. vector octet-baryon octet interactions, vector octet-baryon decuplet
interactions.

100



APPENDIX A

Used Conventions and Some Formulas

Natural units
c=h=1.

Minkowski metric

ds* = di* —dx’, g, =diag(l,~1,-1,-1). (A.1)

Normalization of states and commutator relations

D) = \2pyal0), (A2)
play = 2py2m)’°s(p - q), (A3)
dp 1 y
¢(.X) = f(zﬂ)3 \/?po(al',e’px+ape pr), (A4)
lag.af| = @eov’s’p-q. (A.5)
e Fourier transformation
Pk gy«
fx) = f @e"‘ fx), (A.6)
f®) = f Pxe®* f(x), A7)
3
sVk-q) = f d—’;e"““q)'x (A.8)
(2m)
'k s
fG) = f S, (A9)
fk) = f d*xe™ f(x), (A.10)
4
Ph-q) = f d—ﬂe"("‘q)'x. (A.11)
(2m)
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APPENDIX B

Building Blocks and Gauge Invariance of QCD

B.1 Building Blocks of QCD

If we start with eq. (1.12) and check global invariance of £, quarks should transform as
Cli—’qli=Uij51j, (B.1)

where U are unitary matrices, UU "=vu'vu=1. Taking into account the color property of QCD we
are left with the special unitary group S U(3) which is the subgroup of U(3). Any unitary matrix can be
defined as a Hermitian matrix H in the way that U = e Since U e SU (3), it should satisfy det(U) = 1.
If we use dete’ = ¢"H , we conclude that H must be traceless. Therefore, the generators of S U(3)
should be a set of Hermitian and traceless three dimensional matrices with eight independent parameters,
denoted by €,:

8
U(e,) = exp (—iz ea%} . (B.2)

a=

1
Here, A are Gell-Mann matrices which are traceless and hermitian. They are normalized as
tr(A,4,) = 20 4, (B.3)

and their commutation relations are:
[/la’ /lb] = 2ifabc/lc (B4)

where f,,. are anti-symmetric structure constants. These generators are conventionally expressed as

010 0 —i 0 1 0 0
A=[100 A=l 00] /13:[0—10]
000 00 0 0 0 0
00 1 0
=000 As=|0
1 00 i
00 0
00 —i
0 i

0 —i 000

00] 46=[001]

0 0 010
0
0
1

|
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B.2 Gauge Invariance

where A, is a generator of U(3) and is not an element of S U(3). Their other properties are given as:

tr(/la/lb/lc) 2(dabc + ifabc)’

4
{/la’/lb} = §6abl + 2dabc/lc’
1
fabc = Etr([/la’ /lb]ﬁc)a
abc

1
dape = 70 4)2,).

Here, d ;. are totally symmetric structure constants. The anti-symmetric structure constants are given by

abc

abc | 123 | 147 | 156 | 246 | 257 | 345 | 367 | 458 678
fabc 1 _% %\/g %\/g

N 1—
o=
N =

1
2

o=

whereas, the symmetric ones are given by

abc | 118 | 146 | 157 | 228 247 256 338 | 344
d L I I L _1 I L I
abc \3 2 2 V3 2 2 V3 2
abc | 355 | 366 | 377 | 448 558 668 778 | 888

I 1 I I 1 1 1 1
Gac | 2 |72 | 72 | T3 | TovE | e | TG LT

To ensure colorless bound states in QCD, quarks and antiquarks should not transform in the same way
and color charges should be connected via gauge transformations. Considering these rules, quarks are in
the fundamental representation (F) with a = 1,2, 3 whereas gluons are in the adjoint representation (A)
witha = 1,2, ..., 8, respectively:

A :
= = 0= —if,.. (B.5)
The commutation relations of these representations define the Lie algebra of S U(3):

[ta’tb] = ifabctc' (B6)

B.2 Gauge Invariance

Demanding local gauge invariance, a covariant derivative has to be introduced like in eq. (1.7), but this
time we have eight gauge fields G, ,(x) rather than a single one.

8

D q). = |85, +i G eii (o 1 ig G B.7
(D g); ,,+lgsz o= 4| = (@ +ig,G)q), (B.7)

a=1

is the form of the covariant derivative where the second term introduces quark-gluon field interactions
. . . . : /la ij

with coupling strength g, and using summation convention, ij = G, =2 In order for (D"g); to transform

like quarks, G, should transform as

G, > G, =UEG,U" (e + gis(aﬂ U)U'(e). (B.8)
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Immediately, the infinitesimal transformations of gauge fields can be written as:
, 1
Gi — G" =Gl + —d"€, + f,.6,G" +O(e). (B.9)
9s

This is more complicated than eq. (1.8). The main reason is the non-abelian property of the Lie algebra of
S U(3) caused by the third term of (B.9). This term gives rise to three and four gluon interaction vertices.
Again a mass term for vector fields cannot be introduced since it is not invariant under gauge symmetry
like in the U(1) case. As in eq. (1.11), we need to introduce kinetic terms for gluon fields to obtain an
analogue of the field strength tensor of U(1):

[D,.D,] = (8, +i9,G,.d, +ig,G,] =t ig,F,, . (B.10)

The explicit form of F,,, is then:

. 1
Fa,uv = ayGa,v - aVGa,y + lgsGb,uGc,vz[/lb’ /16‘] ’
Fa,,uv = a/.tGa,v - avGa,,u - gsf;zchb,ﬂGc,v ’ (Bl 1)
Fo = 8,G,—8,G,+ig,G,G,]. (B.12)
The transformation of the field strength tensor under S U(3) is
F,, — F,=U@F,U' (. (B.13)

With this transformation, all the building blocks of eq. (1.13) are introduced.

B.2.1 Fixing the Gauge

To use perturbation theory, gauge has to be fixed to get rid of the extra degrees of freedom. One of the
ways of doing this is to replace the Lycp of (1.13) with

‘[:QCD - %(61465)2 + Lghost : (B.14)

The additional Ly, term fixes the affect of gauge fixing term on Lycp. eq. (B.14) gives us gluon
propagator in the form of

v —i 1 KK
A (k) = (Sa,,m(g”w(a - 1) p ) (B.15)
There are different choices for a. The choice of @ determines form of the breaking of gauge invariance.
However, even though Green functions are gauge-dependent, physical observables are still independent
of @. Hence, it does not matter for physical results. The choice of a is usually made which ever simplifies
the calculations to be made. One of the most common choice is the Feynman gauge, @ = 1. With this
choice, gluon propagator gets the form of

_ ig‘w

A (k) =06 .
ab ab K+ ie

(B.16)
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APPENDIX C

Noether’s Theorem and Spontaneous Symmetry
Breaking

C.1 Noether’s Theorem

If we consider a scalar field ¢ transform under a chosen representation of a Lie group A, a small
transformation of that field is given as

¢ ¢ =¢+5¢=0¢+i0,(t, (C.1)

where 6 are some parameters and ¢ are the generators of the chosen representation of A. For example, for
S U(3), the representation of the infinitesimal generators are the Gell-Mann matrices. Let us first take
into account the case where global transformations are considered, hence 6 are spacetime independent.
Moreover, we assume the Lagrangian is a function of ¢ and its first derivative d¢ only, and vanish on the
boundary dB. In this case, we can write the action as

si1= [ d*es00.09). (€2)
B
and the equations of motion can be obtained by variation principle as
6S[¢] = 0, (C.3)
oL 0L
— = 0, (C4)
¢ #8(0,9)

If the transformation is a symmetry of the action, we have

S[¢] = S[¢ + 6¢] (C.5)

which is equivalent to
0L=0. (C.6)
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If we neglect terms in 6°, we can write the variation of the Lagrangian as

6L = L(¢.0¢") - L(¢,09) (C.7)
oL 0L
= 3 a0 (C.8)
oL, . 0L u
= 4, (—z%t —za(aﬂ(p)aﬂz) (C.9
= aaaﬂjf"“, (C.10)

where we have defined a current density for each transformation as

oL
JH = —j———f" (C.11)
90,9)
From egs. (C.10) and (C.6), we get
aﬂj"’“ =0. (C.12)

This is known as the Noether’s theorem which states that for every continuous symmetry of the Lagrangian
there is a conserved current.

If we consider the classical level and let charges have continuous values, we can define the charges of
the currents as

0% = f dxJ* (C.13)
and applying Noether’s theorem and the Gauss theorem we get
dQ“(r)/dt = 0. (C.14)

As a consequence, the charges of Noether currents are constants of motion.

Let us now consider the local transformations and the the quantum level. For local transformations
6 — 6(x), hence eq. (C.9) gets the form

oL, oL L,
oL = 6,(x) (—l%l‘ la(aﬂqﬁ)a”t )+ (8u0a(x))( la(aﬂ¢)t ] (C.15)
= ea(x)a#ﬁ"“ + (6ﬂ0a(x))J”’”. (C.16)
Now, the divergence of the current gives
0L 0L
Mu.a _ U~ a .
BﬂJ = l6¢t l—a(aﬂ@aﬂta (C.17)
06.L
= 0w (C.18)

If we consider quantum theory and use canonical quantization with the fields and their conjugate momenta
IT1 = 0.L/0(0y¢), their commutation relations for equal time are

[¢:(%). T, (y)] = i6° (x - y)5; (C.19)
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C.2 Symmetry Realization

and zero otherwise. In this case both J**“ and Q“ are operators and obtained from:

oL

P a(aﬂ¢i)¢f' , (C.20)
0% = -i f AXIT ()1 (). (C.21)
By using these equations, we can find the equal time commutation relations for the charge operator:
[0%¢] = -1, (C.22)
[0°.0" = MQ : (C.23)
ik

where the last line can be interpreted as [Q%, Q"] = i fachC with structure constants f,.. If we have
conserved current operators, they correspond to time independent charge operators. Hence, these charge
operators commute with the Hamiltonian.

C.1.1 Chiral Symmetry and Noether’s Theorem in QCD

If we define U g = em“t“PL/Rq = 14 P poa,t,q+- -, where 1, are the generators of SU(3) (¢, = 4,/2),
and since d«,, is arbitrary we get currents:

fla = @Y't4c, (C.24)
fra = ARt4R- (C.25)
Hence, vector and axial vector currents are
Srat ha=Va = @4 (C.26)
Jra—Tra =A% = @Y'vstg. (C.27)

At tree level, with on-shell external particles ((p —m)q = 0 & g(p —m) = 0), we can write the derivatives
of these currents as

a,uvg - qﬂv,u,a = (pl - pZ)yqyytaq (C28)
= 4(p, — pPlag = (my —my)gt,q, (C.29)

0,A, — q'A,,=(m +my)dtq. (C.30)
(C.3D

These equations are equivalent to eq. (1.33). Hence, the axial current is conserved only if the quark
masses are zero whereas the vector current is conserved in the equal quark mass case as well.

C.2 Symmetry Realization

In the quantum theory, time independent charge operators are guaranteed if the system has a continuous
symmetry. These charge operators are the generators of the unitary symmetry group representation U. U
commutes with Hamiltonian,

UHU' =H. (C.32)
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C.2.1 Wigner-Weyl Realization

In this case, we say the charge operator annihilates the vacuum, Q|0) = 0. Therefore, it remains invariant
under the group transformations U|0) = |0). Therefore, this gives us degenerate states ¢; and ¢, when
they are related via the symmetry transformation U¢, U = @

E, = ($:|H|$,) = OlgH}|0) = OIU U, UTUHUTUBUTUI0) = (0lp H$}10) = E, . (C.33)
If the vacuum is not symmetric under the group transformations this equation is not valid anymore.
Moreover, the charge operator is not well defined either.
C.2.2 Spontaneous Symmetry Breaking and the Nambu-Goldstone Theorem

Above, we have assumed that U|0) = |0), which implies Q|0) = 0. If that were the case for QCD, there
should be multiplets with the same mass and opposite parity. However, this is not the case. We need an
alternative picture to explain the chiral symmetry realization in QCD.

We can ask the question that what if Q|0) # 07? In this case, U|0) # 0, hence eq. (C.33) is not valid and
Ey #E; . Therefore, we can state for any operator ¢ that'

(0lpQI0) # 0, (C.34)
whereas, since the charge is still conserved,
d
T{0160(0). (C.35)

We can write this in terms of the currents as (P, = (E, P))

d d
Ef OB = Z: ) f dx(Olglnynjo(r, 10y (C.36)
d )
= 2 2R 5@, Ol nljp(0)0) (C.37)
= 3RS ®,YE, e Olin il jp(0)0) (C.38)
= 0. (C.39)

The only possibility to satisfy eq. (C.39) is when the produced states, by applying Q on the vacuum, are
massless (£, = 0). In this case, we say that Nambu-Goldstone bosons emerge. Accordingly, there is a
different Nambu-Goldstone boson for each charge operator which does not annihilate the vacuum of the
system. Quantum numbers of the Goldstone boson should agree with those of Q. This is the Goldstone
theorem. In this case we speak of spontaneous breaking of symmetry. As in the case of electroweak
theory, Goldstone bosons are not necessarily physical particles.

If we consider QCD, S U(3); x S U(3)g chiral symmetry is spontaneously broken and the Goldstone
bosons refer to physical particles, which are defined as in eq. (1.41). Therefore, if we consider eq. (1.41),
the pion decay constant should not vanish for QCD to have spontaneous symmetry breaking:

lim F, = Fy #0. (C.40)

m—0

"Here, we ignore a precise formulation that requires a study of the infinite-volume limit.
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APPENDIX D

Kinematics and Mandelstam variables

Let us consider a scattering processes of a two-particle interaction: a + b — ¢ + d. This interaction
amplitude have three independent four momentum vectors, hence there are 12 independent parameters.
All particles are considered to be on-mass shell. This is satisfied by the condition p2 = m”. Thence,
we are left with 12 — 4 = 8 parameters. The choice of reference frame does not affect the interaction
amplitude. The reference frame is characterized by rotations and Lorentz boosts in each space dimension.
Therefore, we are left with 8 — 3 — 3 = 2 independent parameters.

If we consider the process in the center-of-mass frame (CM), we have

pa = (_Ea’ pa)7 pb = (_Eba pb) 5

D.1)
pc = (Ec’ _pc) > pd = (Ed’ _pd) s

with E; = 4/ m[2 + |pi2|, P, = —Pp, and p. = —p,. The Mandelstam variables are convenient to use:

s=(p,+p) =, +p)*, InCM: s=(E,+E,) =(E,+E;* =E&y,
t=py—p) =(py—pg)*, InCM: t=(E,—E.)" —(p,—p.) =m+m>—2E,E, +2|p,lp.cosf,(D.2)
u=(p,—py))*=(p,-p), inCM: u=(E,—E;)" —(p,—p,)° =m +m5—2E,E;-2p,lp.|cos6,

where 6 is the angle between the particles a and ¢

o= Pa P (D.3)
p.pl

There are two independent variables in a two-body scattering but we have defined three parameters.
Therefore, they are not independent. The relation between the Mandelstam variables is

2 2 2 2
S+t4+u=m,+my+m,+my. (D.4)

This relation is what makes the Mandelstam variables convenient. Hence, the kinematics can be
represented on the Mandelstam plane as in fig.D.1. If we use eq. (D.2) and express three momentums in
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Appendix D Kinematics and Mandelstam variables

terms of the scattering angle, we get

(s = (my +my)*)(s — (m, — my)*)

Ip.l=q = ) :
S0 ) (D.5)
_ o s=(me+my)7)(s = (m, —my)”)
pl=q = s .

If we consider a scattering with m, = m_, t is simplified and if all masses are equal, the u channel is
simplified as well:

t=-2¢*(1 - cos6), (D.6)
u=-2¢"(1 +cos®). (D.7)
Therefore, we can identify the physical regions of the interaction a + b — ¢ + d on a Mandelstam plane.
As a first case, let us assume all masses to be equal: a + a — a + a. In this case, the Mandelstam plane
will form an equilateral triangle as can be seen in fig.D.1. The physical region can be identified by using

eq. (D.2), (D.6), (D.7) as:
s>4m*, t<0, u<o0. (D.8)

As we have seen in sec. 3.1.4, the same amplitude is equal also to different interactions which are
called as #-channel and u-channel. In this case, the physical boundaries for each channel are given as

s-channel: s24m2,t§0,u§0,

t-channel: ¢ > 4m> ,s<0,u<0, (D.9)

u-channel: u24m2,sS0,t§0,

and the Mandelstam plane is now extended as in fig.D.1.

s=4m?

t=0

s-ch

4 \

Figure D.1: Mandelstam plane and physical regions for equal mass elastic scattering.
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A more complicated interaction would be a + b — a + b. In this case boundaries can be written as:

s-channel:a+b - a+b sz(ma+mb)2,t50,usO,
t-channel:b+b — a+a t>4m;,s<0,u<0, (D.10)

u-channel:a+b — a+b uz(ma+mb)2,s§0,tso.
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APPENDIX E

. . . . 1
Partial-wave projection formalism

In this appendix, we detail the projection formalism used in this work to calculate the different pp partial
waves. First, we give the expression for the polarization vectors for a massive spin-one particle with
a three-momentum p and third component of spin o in the z axis of its rest frame, that we denote by
&(p, o). In the rest frame they are given by

£(0,0) =( 80 ) , (E.1)

with

& = 8 I ji (E2)
0 | > ©+] \/i 6 . .

Next, we take a Lorentz transformation U(p) along the vector p that takes the particle four-momentum at
rest to its final value,

U(p)( '3 )=( Ii;” ) , (E.3)

with £, = m + p2. We also introduce the rotation R(p) that takes Z to p,
R(P)Z =p . (E4)
In terms of the polar (6) and azimuthal (¢) angles of p this rotation is defined as
R(P) =R, ($)R,(0), (E.5)

with the subscripts z and y indicating the axis of rotation. For latter convenience we write the Lorentz
transformation U(p) as

U(p) =R()B,(pDRD) ", (E.6)

!This formalism has been published in [158]
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where B, (|p|) is a boost along the Z axis with velocity v = -3 and 8 = |p|/E,,. Namely,

y 0 0 B
B (Ip)) = 8 8 8 8 (E.7)
w0 0 vy
and
y:;. (E.8)
1-5°

Notice that we could also include any arbitrary rotation around the Z axis to the right hand side of
eq. (E.5). Of course, this does not have any affect on either eqs. (E.4) and (E.6) (for the latter one let us
note that B, (|p|) commutes with a rotation around the Z axis).

The action of U(p) on €(0, o;) gives us the polarization vectors with definite three-momentum p,
whose expressions are

vBcos b 7ﬁ€ti¢ sinf
1 . +igp . 2
5(y — 1)sin20cos ¢ 1 1+ (y—1)e""sin" fcos ¢
,0) = 3 ) . , e(p, ) =F— b . , E.9
&P, 0) %(y —1)sin26sin ¢ ep. 1) == V2| i+ (y = 1)e™ sin” fsin ¢ E)
T +y+(y—1)cos26) Ly = De*sin26

The previous equation can be written in a more compact form as

_ yﬁf)'aa
&(p, ) _( o 40— Dp-s. ) . (E.10)

In terms of the polarization vectors in eq. (E.10), we can write the vector field for the neutral pO
particle, pg (x), as

42 . .

0 _ 14 —ipx ® IpX T

pp(x) = f ———{e(p.0),e " a(p, o) + £(p, o) a(p, o) (E.11)
’ ; (27 2E, e, g |

with the corresponding similar expressions for the p*(x) fields. Here, a(p, o) and a(p, a’)T refer to the
annihilation and creation operators, with the canonical commutation relation

la(p’, o), a(p, )] = 6,,,2m)2E,6(p - P') . (E.12)

In order to check the time-reversal and parity-invariance properties of the vector-vector scattering
amplitudes worked out from the chiral Lagrangians in eq. (2.78), we notice that the polarization vectors
in eq. (E.9) satisfy the following transformation properties:

&(=p,0)" =(=1)7(=&(p, o)y, &(p, 0)) ,
&(=p, ) =(=(p, 7)o, &(p, 7)) - (E.13)
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Appendix E Partial-wave projection formalism

A one-particle state |p, o) is obtained by the action of the creation operators on the vacuum state,
P, o) =a(p,a)'10,0) . (E.14)
From eq. (E.12) it follows the following normalization for such states
(.0’ |p, ) =0, (21’ 2E,,6(p" - ) - (E.15)

Next, we consider a two-body state characterized by the CM three-momentum p and the third components
of spin o7; and o, in their respective rest frames. This state is denoted by |p, 7;0,). Associated to this,
we can define the two-body state with orbital angular momentum ¢ with its third component of orbital
angular momentum m, denoted by |£m, oy 07,) as

1
|tm, o0y =—— fdf) Y (P)Ip, oy0y) (E.16)
1Y 2 \/4—7[ 4 1Y 2

Let us show first that this definition is meaningful because the state |{m, 0;0,) transforms under the
rotation group as the direct product of the irreducible representations associated to the orbital angular
momentum ¢ and the spins s; and s, of the two particles.

Every single-particle state |p, o) under the action of a rotation R transforms as
Rlp, o) =RU(P)I0, ) = U U(P) ' RUP)I0, ) , (E.17)
andp’ = Rp.2 It is straightforward to show that
R=U®p) 'RU®p). (E.18)
For that, we explicitly write the Lorentz transformations U(p’) and U(p) as in eq. (E.6):
U RU(p) =R(D")B. ()~ R®) ™' RR(B)B.(PDR(D)™" . (E.19)

Next, the product of rotations R(f)')_lRR(f)) is a rotation around the z axis, R_(y), since it leaves invariant
Z. Thus,

R®)'RR(P) = R,(¥) (E.20)
or, in other terms,
R(P') =RRPR,(y)", (E.21)

Taking into account eqs. (E.20) and (E.21) in eq. (E.19) it follows the result given in eq. (E.18) because
B (Ipl) and R, (y) commute. Then, eq. (E.17) implies that

Rlp,o) =U@ORI,0) = > DVR),olp', 0", (E22)

’
g

with D(R) the rotation matrix in the irreducible representation of the rotation group with spin s.
Now, we can use this result to find the action of the rotation R on the state |p, 0;0,) which is the direct

?For a general Lorentz transformation these manipulations give rise to the Wigner rotation [131].
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product of the states |p, o7;) and | — p, 0,) (once the trivial CM movement is factorized out [131]). In this
way,

RIp,005) = Y DUV(R)y1 0, DV (R) 1P, 1 5) . (E.23)

r
01,07

We are now ready to derive the action R on |{m, oy 07,),

X 1 Al —1l A/ ’ ’ ’
Rltm, ory0y) = Z D(Sl)(R)U/IUID(“Z)(R)(szgz\/—_ f dp’ YP(R™'PHID o o)
1.0 4n
= > DOR, DRy DV (R) gy [0 ) (E.24)

0"1 ,oé,m'
In this equation we have made use of the property of the spherical harmonics

VAR =) DOR), Y (). (E.25)

Equation (E.24) shows that under rotation the states defined in eq. (E.16) has the right transformation
under the action of a rotation R, and our proposition above is shown to hold.

Now, because of the transformation in eq. (E.24), corresponding to the direct product of spins s, s,
and ¢, we can combine these angular momentum indices and end with the LS J basis. In the latter every
state is labelled by the total angular momentum J, the third component of the total angular momentum g,
orbital angular momentum ¢ and total spin S (resulting from the composition of spins s; and s,). Namely,
we use the notation |Ju, £S') for these states which are then given by

|Ju, €S) = Z (10, M|s 5,8 YimMul|€S J)|fm, o05) , (E.26)

01,05.m,M

where we have introduced the standard Clebsch-Gordan coefficients for the composition of two angular
momenta.’ Next, we introduce the isospin indices @, and a, corresponding to the third components
of the isospins 7, and 7,. This does not modify any of our previous considerations since isospin does
not transform under the action of spatial rotations. Within the isospin formalism, the pp states obey
Bose-Einstein statistics and these symmetric states are defined by

|p, 00, ay@y)g = (Ip, o0y, y@y) + | — P, 0201, ) (E.27)

V2
with the subscript S indicating the symmetrized nature of the state under the exchange of the two particles.
We can invert eq. (E.16) and give the momentum-defined states in terms of those with well-defined orbital

3The Clebsch-Gordan coefficient (m;myms]j, j,j3) is the composition for j;, + j, = j;, with m; referring to the third
components of the spins.
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Appendix E Partial-wave projection formalism

angular momentum,

Ip, 010, @ ) = ‘/4_772 Y7 (P)'|lm, o0y, @ y)
tm

=\/4_7T Z Y;n(f))*(a'la'zsﬂslSzS)(liLllfsJ)((Yla2t3|T1T2])|J/J,€S,1t3> s

Jou,&,m
S, M, Ity

(E.28)

with [ the total isospin of the particle pair and #; is third component. Taking into account this result, we
can write the symmetrized states as

1+(_1)5+S+1 o
Ip, 07,05, @ @) = Van Z T(alazmslszs)(mMmeJ)(a1a2t3|71721)yg1(p) |Ju, €S, It) .

Ju, &,m
S, M, I,t;

(E.29)

In deducing this expression, we have taken into account the following symmetric properties of the
Clebsch-Gordan coefficients

(050 Mlsys,S) =(—1)S_S‘_s2(0'10'2M|s1szS) ,

(@506, T) =(=1)" ™"

Y/ (—p) =(=D'Y} (D) . (E.30)

~h (ajart3lT 7,T) ,

Of course, due to the fact that we are dealing with indistinguishable bosons within the isospin formalism,
it follows that s; = s,, 7; = 7, as well as that 27, and 2s; are even numbers. The combination
(1+ (—1)“5”)/ V2 in eq. (E.29) is denoted in the following as y(¢ST) and takes into account the
Bose-Einstein symmetric character of the two-particles, so that only states with even £+ S + I are allowed.

The inversion of eq. (E.29) gives (we assume in the following that £+S +1 =even, so that y({ST) = \/5)

1 o
IJM,KS,I@):\/—_ > f APYP ()00, M| s, 558 NmMulES J)(et, st |7, T2 DIP, 07107, € s ) -
8 oo
M, m
ap,a,

(E.31)

We can also express the state |Ju, £S, It3) in terms of the states |p, 00, @ @,) without symmetrization
by inverting eq. (E.28). We would obtain the same expression as eq. (E.31) but with a factor 1/ Véz
instead of 1/ \/@, namely,

1 .
|Ju, €S, It3) :\/—_ Z fdeZ’(p)(O'IO'ZMlslszS)(mMpI{’SJ)(ala2t3|Tszl)Ip,0'10'2,011&2).
47 g
M, m
@,

(E.32)
The extra factor of 1/ V2 in eq. (E.31) is a symmetrization factor because of the Bose-Einstein symmetry

properties of the two-particle state in the symmetrized states |p, 005, @1 @;)s, Which disappears when
employing the nonsymmetrized states. In order to obtain the normalization of the states [Ju, €S, Tt;), it is

116



indeed simpler to use eq. (E.32) though, of course, the same result is obtained if we start from eq. (E.31).
The two-body particle states with definite three-momentum satisfy the normalization

167° /s
p|

The total energy conservation guarantees that the modulus of the final and initial three-momentum
in eq. (E.34) is the same, that we denote by |p|. In terms of this result and eq. (E.32), it follows
straightforwardly by taking into account the orthogonal properties of the Clebsch-Gordan coefficients
and the spherical harmonics that

o' -9, (E.33)

' _
(p, o105, a1a5|p, 010, @ ay) =

A5
Ipl

We are interested in the partial-wave amplitude corresponding to the transition between states with
quantum numbers J£S I to states J£S 1, that corresponds to the matrix element

S O T GIIp, €8, 1) =81 16,060 (55561161, (E.34)

g’;s =(Ju, €S, 1t5| T\ I, £5 , It3) (E.35)
with 7' the T-matrix scattering operator. Here, we take the convention that the quantum numbers referring
to the initial state are barred. Of course, the matrix element in eq. (E.35) is independent of ¢ and f3
because of invariance under rotations in ordinary and isospin spaces, respectively. We can calculate this
scattering matrix element in terms of those in the basis with definite three-momentum by replacing in
eq. (E.35) the states in the J£S basis as given in eq. (E.31). We then obtain in a first step

T =g 2 [ db [ d YO VRGN 0aMIs 5, YnMulES ety o)
X(O'10'2M|S1S2S)(mMMIES J)(C_l’ldlzt3|7_'l‘?21)s <p,, 0'10-2, (1102|T|p, 0_-15'2, &1@2>S . (E36)

Here, we have not shown the explicit indices over which the sum is done in order not to overload the
notation.* We use, next, the rotation invariance of the T-matrix operator T to simplify the previous
integral so that, in the end, we have just the integration over the final three-momentum angular solid.
There are several steps involved that we give in quite detail. The referred rotational invariance of 7
implies that it remains invariant under the transformation 7' — R(f))TR(f))T, which implies at the level of
the matrix elements that

s(ps o0, a,a,|T|p, 7,5, &, @) =P, 0,05, 0102|R(f))TR(15)T|P, 0107, 01Q)s - (E.37)

ALl

Under the action of the rotation R(f))T (R(f))Tf) = Zand R(f))T =P"), the final and initial states transform
as, cf. eq. (E.23),

R)p. 7105, @130)5 = ), DY) (RHD (R)Iz. 5155, @) .

R®)' IV, 010, @12)5 = Z D RHD? (ROIP”. o0 aa)s | (E.38)

o1.0%

with the convention that R inside the argument of the rotation matrices refers to R(p). We insert eqs. (E.37)

*They correspond to those indicated under the summation symbol in eq. (E.31) both for the initial and final states.
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Appendix E Partial-wave projection formalism

and (E.38) into eq. (E.36), and next transform p’ — p”’ as integrations variables, take into account the
invariance of the solid angle measure under such rotation and use eq. (E.25) for

Y ) =Y] (R@)2) = ». DY RO} (@),

Y =Y R = Y DO ®HY ). (E.39)

Then, eq. (E.36) for T(m__ can be rewritten as

1 .
JI N N4 (s1) * +(52) *
T{(;S%S = Z f dp f dp” (010, M|s, 5,8 )(mMpul|tS J)(a1a2r3|71721)1)0f,1101(R*) D;ZO_Z(RT)
D) (RYY Y[ (B") (0,0, M15,5,5) (MMpITS )@, @yt3)E 7,1
D(_‘})_ ® )D(‘Z) (® DO RO @)s(p”. o0, e Tl pl, 755, Gy @) - (E.40)
Let us recall that from the composition of two rotation matrices we have [131]
¢ [ Y
> (mlszwlsz)Dfn,:i” I(R)Dfn giﬂz(R) = > mimyM' 166D (R) . (E.41)
my Ny M

We apply this result first to two combinations in eq. (E.40):

2, (@10 Mis;,5)D" (RDLE (RT)—Z(alazM 15,5,5)D%) (R")

T1,02

2, @ @MI5 55D (RODY (R = Z(ai F5M'15,5,5)D}) (R, (E.42)

1,02

so that eq. (E.40) becomes

Ty = gnz f dp f dp’ (oM 5, 5,)DS) (RTY' DY) (RYY (mMultS J)(e,artslri T, Y] (B
X(6) 55 M' |5, 525)D<5 ) (RT)Dfs,)m(RT)(mMuIZS‘ D@, @117, T, DYY (2)

Xs<p ,0'10'2,65161/2|T||p|i,0_'/10_'/2,671552>s . (E43)
The same relation in eq. (E.41) is applied once more to the following combinations in eq. (E.43):

) (pTYPO (pTy = "My ) pt
D mMuleS DD (RHDL) (RY) = ) (m' M’y 1S DD (R,

m,M //
> (nips nDY) (RT)D“’) (R" = Z(m M i8S J)D(J "Ry . (E.44)
m,M
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We take eq. (E.44) into eq. (E.43) which now reads

1 A NIy Vgl ? PN
T =g > [ [ b 15,523 )00 MU VS Dayantsiry DV )
X(@ 05015, 5,8 MR |8 T)@ dts 71 T 1Y (@)D (RN DL (R
Xg(p”, 005, @, | T pl2, 315, @@y ) (E45)
)

Now, the partial wave amplitude T;;{Z < is independent of u so that we have that

J
1
vn  _ 02))
Tfs;ZS o7+ 1 ZJ Tfs;ZS ) (E46)

H==

The same result in eq. (E.45) is obtained with the product DLJL (RT)*D;J,L (RT) replaced by

J

1 i O'u

— § DL{/)J(R DY (RTy = —££ (E.47)
u==J

2J A2+ 17

as follows from the unitarity of the rotation matrices. As a consequence, any dependence in p present in
the integrand of eq. (E.45) disappears in the average of eq. (E.46), the integration in the solid angle p
is trivial and it gives a factor 4z. Taking into account the Kronecker delta from eq. (E.47) in the third
component of the total angular momentum and a new one that arises because Y? (2) is not zero only for

m’ = 0. We, then, end with the following expression for Tglz, T

0,4
wn _ 2@ > dp” (0, s 5,8 YmMMILS J)(& 5, M5, 5,5 OMMI|ZS J)
578 T 227+ 1) ] p (00, M]S| 5, 102M151 57
01,095,0
('T;,alz,azl
ay,ay,m

X(a’lQ’zt:))|T1T21)(C_l’1@2t3|‘?17_'21)s <p”, 01073, ala2|T| |p|i, 0_'15'2, &1&2>S ,
(E.48)

where we have removed useless primes on top of the spin and orbital angular momentum third-component
symbols and in the previous sum M = oy + 0, and M = & + 7.

Next, we derive the unitarity relation corresponding to our normalization for the partial-wave projected

amplitudes T;;I%S We write the § matrix as

S =I1+iT, (E.49)
which satisfies the standard unitarity relation

§-8"=1, (E.50)

with I the identity matrix. In terms of the T-matrix, cf. (E.49), this implies that

T - 77 =TT, (E.51)
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Expressed with the matrix elements in the basis £S J, this relation becomes

2Im70 =, €8, TH| T T |, 05, Tts) . (E.52)
In deriving the left-hand side of this equation, we have taken into account that because of time-reversal
symmetry T;;I% s = T%I; . On the right-hand side, we introduce a two-body resolution of the identity of
states |Ju, €S, 7t3) (we have restricted our vector space to the one generated by these states) such that,
taking into account their normalization in eq. (E.34), we end with

”
un _ 5 Pl on D*, oo
ImT 75 = Z 8m/§Tg,s;g~,S~T ¢ S"ES - (E.53)

'K”,S”

The phase space factor is included in the diagonal matrix

:ﬂgﬁ , (E.54)

Pij 875
A more standard definition of the S -matrix implies to redefine it as
§ 58 =2p28p7 =1+ 2ip2Tp? | (E.55)

such that now the diagonal matrix elements of the identity operator / and S are just 1 and nieZi(Si, in order,
where 7, is the inelasticity for channel i and ¢; its phase shift.
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APPENDIX F

Compositeness in Relativistic Field Theory

The relativistic compositeness was first defined in [216]. We follow the arguments in [146]. Consider a
field theory of a pseudoscalar meson (¢) and a bare scalar meson o:
1 2.2 2 2 2
L= 5((9#¢(9”¢ —m¢°) + (0,000 T — m; 03) + goTod” (F.1)
where ¢ is the bare coupling constant of the three-point interaction vertex. Let us assume that there is a
scalar meson bound state ¢ in the spectrum of the theory. The Green’s function at s = m(Z,, where s is the
Mandelstam variable, is

A(s) =

= (F2)

s —my

Z is the field renormalization constant and the bound state mass is related to the binding energy (V,)),

My =gy +mg = V.

Eq. (F.2) shows that Z is the residue of the full green function at s = m,,. To calculate Z, let us consider
the free Green’s function

Ay(s) = 5 (F.3)
s —mg,
and the full Green’s function is related to the free Green’s function via
A(s) = Ag(s) + Ag($)goG()A(s) (F4)
where G is the two meson loop function as in eq. (3.105). The solution to eq. (F.4) is
1
A(s) = (E.5)

s — mfzr0 - g(z)G(s) .

Again, G(s) is divergent. The divergence of the loop function is canceled by the infinite scalar bare mass
m,, . The renormalization condition is s = m(zr After renormalization, eq. (F.5) can be written as

1

AGs) = —5——,
s = g()G(S, /J)

(F.6)

where u dependence of G denotes renormalization scale. Hence, the field renormalization constant can
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be calculated by using eqs. (F.2) and (F.6):

s —m? 1
Z = lim T = (E.7)
s—>m(2,. s — g%G(S, ,Ll) 1 - g(z) (,)G('()?ﬂ)ls:m(z,.

The residue of the scattering amplitude at the bound state pole is equal to the square of the physical
coupling constant squared: 92 = g%Z. Using this relation in eq. (F.7), we get

1-Z=-g°G'(m>, ). (F.8)

This is analog of eq. (3.58) and definition of compositeness in the relativistic field theory. Since the
square of the physical coupling constant is positive and derivative of loop function is negative, we get
Z < 1. Eq. (FE.8) can be used for resonances as well [146]:

1-Z=-¢g*G [ ;(m*, ), (F.9)

where G/, is the loop function on the second Riemann sheet. However, compositeness is not always well
defined for resonances since 1 — Z might have a complex value. Eq. (F.9) approaches to eq. (F.8) as the
width of the resonance /approaches to zero. Hence, for narrow resonances eq. (F.9) can be used.
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