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Notation

Units, Indices, and Summation

We will always work in natural units, h = ¢ = ¢y = 1.

In order to ensure a uniform notation throughout the whole work, we agree that the Latin indices i, j, k, . ..
always run over the ”spatial” coordinate labels 1,2, 3. In addition to that, the Latin indices a, b, c, . . . will al-
ways run from 0 to 3. Furthermore, the Greek indices p, v, . .. generally run over the coordinate labels 0,1, 2, 3
of four-dimensional Minkowski space-time. Deviations from these conventions will be defined when necessary.

Unless indicated otherwise, we will always sum over repeated co- and contravariant indices. The co- and
contravariant notation will also be used for tensorial objects which are defined in Cartesian coordinates.

Metric, Differential Operators, and Tensors

Throughout the whole work, we will use the convention in which the metric of Minkowski space-time is given
by

10 0 0
0 -1 0 0
(VY
(gltll) - (g ) - 0 0 -1 0 ’
0 0 0 -1

so that the d’Alembertian is given by
O=0,0"=07 - A,

in which

(Ou) = ( ; > = (0,V), (9" =(9"D,) = (0, -V)"

ot
denote the co- and contravariant 4-gradient. It should also be noted that the short-hand notations

_ 0 i 0
- ozt Oz

0;
will be used frequently.

While the vectors of n-dimensional position and momentum space
T T
I‘:(Ihl’g,...,mn) s k:(kl,kg,...,k’n)

are always indicated by boldface letters, the vectors defined in internal vector spaces, such as isospin space,
are specified in the usual arrow notation
- T
a=(a,an,...,q,)" .

The three- and four-dimensional Levi-Civita tensor is defined as the totally antisymmetric tensor with
€123 — 1 and €0123 = 1.
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Chapter 1

Motivation

Today, physicists believe that all phenomena in the universe can be traced back to four fundamental interac-
tions. Two of them are very well known, since everyday life is strongly influenced and shaped by the effects
of gravitation and electromagnetism. While these two forces are also present at macroscopic scales, weak and
strong interactions are nuclear forces and therefore only take place at microscopic scales. Even if one naively
could suspect something else, the weakest interaction is given by gravitation. At the mass scale of a typical
hadron, like the proton or the neutron, gravitation couples at a magnitude of about 10735 to matter. Since
gravitation is very well described at the classical level by general relativity, a quantum theory of gravitation
was not found up to now. The next strongest interaction is given by the weak interaction, which couples at
a magnitude of about 107° to matter. While the gravitational interaction has an infinite range, the range
of weak interactions is given by ~ 102 fm. This very short range is due to the fact that the gauge bosons
of weak interactions are very heavy. Then, with a coupling of about 1072 to matter, the next strongest
interaction is given by the electromagnetic interaction. Similar to gravitation, the electromagnetic force has
an infinite range and therefore influences nature at many different scales. Finally, the strongest interaction
in our universe is given by the strong interaction. This fundamental force couples to typical hadronic matter
at a magnitude of about 1. The range of this interaction is given by about 1 fm.

In contrast to gravitation, physicists believe that they found a mathematical description of the other
three fundamental interactions in the framework of Quantum Field Theory. A fundamental feature of these
theories is given by the occurrence of so-called gauge bosons which arise in the adjoint representation of the
gauge symmetry of the respective fundamental theory. These gauge bosons serve as "messengers” of the
different forces and realize the interactions in those so-called gauge theories. As already mentioned, the three
gauge bosons of the weak interaction have non-vanishing masses, while the photon and the eight gluons are
massless. In order to explain these masses and include them in a gauge-invariant way, one needs a mecha-
nism which is able to generate them in a dynamical way, the so-called Higgs mechanism. This mechanism
was included in the so-called Glashow-Weinberg-Salam theory of electroweak interactions, which unified the
weak and the electromagnetic interaction. It was also possible to summarize the electroweak and the strong
interactions in only one theory, the so-called Standard Model of Particle Physics.

The main focus of this work lies on the properties of the strong interaction. As already mentioned,
physicists found a Quantum Field Theory which describes strong interactions. This theory is called Quan-
tum Chromodynamics (QCD). This name derives from the fact that the fundamental strong interaction is
realized by the exchange of a quantum number which is called color. The fundamental degrees of freedom
in QCD are quarks which arise in the fundamental representation of the SU(3)¢ color gauge symmetry, and
gluons which arise in the adjoint representation of this symmetry. Due to a feature of QCD, which is called
confinement, it is not possible to observe objects which contain open color. In nature, we are only able to
observe singlets with respect to the color symmetry of QCD. These singlets arise as bound states of quarks
and/or anti-quarks and are referred to as hadrons. Also so-called glueballs, i.e., bound states of gluons are
discussed in the literature.

The usual way of studying the basic properties of a Quantum Field Theory is given by a perturbative
expansion of the different interaction terms of the theory in powers of the respective coupling constant.
However, this approach is only valid as long as the coupling constant remains small, so that the interaction
terms may be treated as a perturbation of the free theory. In the framework of renormalization, it turns
out that the coupling constants of a Quantum Field Theory are not constant, but depend on a momentum
scale. In the case of QCD, the coupling constant is given by the so-called strong coupling cvg. While at large
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energies this coupling remains small, so that perturbation theory can easily be applied, the situation changes
completely at low energies. At small energies, the strong coupling becomes arbitrarily large, so that the
perturbative approach fails. In order to investigate the low-energy spectrum of QCD, one has to use meth-
ods which do not rely on a perturbative expansion of the strong coupling, so-called non-perturbative methods.

One possibility for such a method are effective or hadronic models. In these models, one does not con-
sider the strong interaction at the level of quarks and gluons. There, the fundamental degrees of freedom
are mesons (gg-states) and baryons (qqg- or ggg-states). In this work, the main focus lies on the mesonic
part of the so-called Extended Linear Sigma Model (eLSM). The eLSM describes a hadronic model which
incorporates not only scalar and pseudoscalar mesons, but also vector and axial-vector mesons. The ”term”
linear derives from the fact that the fundamental fields which describe the different types of mesons enter in
a linear realization of the chiral symmetry of QCD.

The importance of chiral symmetry in the low-energy regime of QCD also derives from the fact that it is
considered to be spontaneously broken. Due to the Goldstone Theorem, this spontaneous symmetry break-
down gives rise to the occurrence of massless pseudoscalar particle excitations, so-called Nambu-Goldstone
bosons, which dominate the low-energy spectrum. The aim of this work is to reduce the eL.SM in a way,
so that we finally obtain a theory which only contains the interactions of these Nambu-Goldstone bosons
among themselves. Then, the low-energy couplings of the resulting theory can be compared to those of
Chiral Perturbation Theory (ChPT) which represents a model-independent method in order to describe the
low-energy properties of the strong interaction.

This thesis is arranged as follows: In the second Chapter [2], we want to introduce the basic methods and
ideas of Quantum Field Theory, such as the functional approach to second quantization and the framework
of spontaneously broken global symmetries. Furthermore, we want to introduce the basic properties of
QCD in vacuum. Then, the third Chapter [3] is dedicated to Chiral Perturbation Theory. There, we want
to introduce this framework as an Effective Field Theory which is based on a systematic analysis of the
hadronic n-point functions of strong interactions. Then, in Chapter [4], we finally turn to the eLSM and
introduce the basic term structure of this model. Furthermore, we consider different cases of this model and
present the calculation of the low-energy couplings of these models. Finally, in Chapter [5], we compare our
final results with those obtained from Chiral Perturbation Theory and discuss the meaning of these results.
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Chapter 2

Introduction

The basic idea of this first chapter is to introduce some important methods which are crucial in the con-
struction and the understanding of elementary and effective quantum field theories. Therefore, in Sec. [2.1],
we begin at the classical level and derive the Euler-Lagrange equations using Hamilton’s principle of the sta-
tionary action. Then, we focus on symmetry transformations of the classical action functional S and derive
Noether’s theorem which we will use frequently in the upcoming sections in order to identify the conserved
currents of several theories. Another important concept which has to be addressed in this Chapter, is the
notion of a spontaneously broken symmetry. The spontaneous breakdown of a continuous symmetry and the
famous Goldstone theorem are important tools in modern theoretical physics and will be discussed in Sec.
[2.2]. The last Section [2.3] of this introductory chapter is dedicated to the theory of strong interactions,
Quantum Chromodynamics (QCD), and its basic features in vacuum.

2.1 Classical Field Theory and Symmetries

As mentioned above, this section serves as a brief reminder of the very basic concepts of the Lagrangian
formulation of classical field theory. Due to the great importance of conservation laws in physics, we will also
derive Noether’s theorem which gives a direct connection between the symmetry of the classical action S
under a transformation of the space-time variables and/or the fields of the theory and a conserved quantity.

2.1.1 The Classical Equations of Motion

The Lagrangian formulation of classical field theory can be motivated as the transition of the generalized
coordinates q(t) = (qi(t),...,qn(t))T and the generalized velocities ¢(t) = (41 (t), ..., dn(t))T to continuous
field variables _

4q; (t) - ¢(ta I‘), (jj - ¢(t’ I‘) (21)

for j =1,...,N. In Eq. (2.1) the spatial dependence of the field variables ¢ and  is, in this context, not
to be understood as spatial coordinates, but as a continuous index. Since the values of the field variables
become the dynamical variables of the theory, we obtain a theory with an infinite number of degrees of
freedom. Therefore, the initial Lagrangian L(t,q(t),q(t)) becomes a functional of the field variables ¢ and
(ﬁ. This functional can be written as a volume integral over the so-called Lagrangian density

Li¢,¢] = /Vd?’r Z (2.2)

where V' denotes the volume of the physical system. In general, the Lagrangian density is not only a
function of the fields ¢ and ¢, but also of V¢. Therefore, in relativistic notation, the Lagrangian density
can be written as

L= L(6.0,9) - (2.3)

The basic quantity of the Lagrangian formulation of classical field theory is the so-called action functional
S, defined as the sum of all contributions of the Lagrangian L[d), qS] in the time interval [t;, t;] € R

ty
S:/t dtL:/Qd“xZ(gb,@uqS), (2.4)

i

where we used Eq. (2.2) and introduced the arbitrary space-time volume Q = [t;,¢7] x V C R x R3. At this
point, it should be mentioned that the Lagrangian density (2.3) has to be a scalar under transformations
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of the Poincaré! group in order to obtain a Poincaré-invariant action functional S. This can be seen by
considering the transformation behavior of the space-time measure which obviously transforms as a scalar

ox'H
d*z’ = |det
Nt

where we used that the determinant of a Lorentz transformation is equal to +1.

d*z = |det (A")|d*z = d*x | (2.5)

In general, a theory contains more than only one field. To this end, we generalize our considerations to a
theory containing N fields ¢, (x), a =1,..., N, defined by the action

S = / d*s L (pa, Opda) - (2.6)
Q

The equations of motion for the fields ¢,(x) can be obtained by using Hamilton’s principle of stationary
action. In this context, it has to be taken into account that only the fields inside the space-time volume 2
are varied. The space-time variables and also the fields on the surface of the space-time volume 92 are held
fixed at a constant value. Therefore, it is possible to interchange the variation and the partial derivatives.
Using this consideration, one finds

0=46S = 5/ d*s L (¢, 0uta)
Q

0¥ 0L
= d4 T 9Pa ara L\ a
[y (50500 gy 0w
_ 4 8£ B 0L
= Qd T [&ba 8”5((%(;5@)} 6bq (2.7)

where we integrated the second term by parts in the last step. Finally we use that the variation of the fields
0¢, was arbitary, so that the square bracket in Eq. (2.7) has to vanish by itself. This condition yields the
Euler-Lagrange equations for the N fields ¢, (z)

0L 0L

3(3;L¢a)_%:0 fora=1,...,N. (2.8)

O

2.1.2 Noether’s Theorem

In the second part of this short section about classical field theory, we will establish a connection be-
tween conserved quantities and the symmetry of the classical action functional S with respect to continuous
transformations of the fields and the space-time variables. To this end, we only consider infinitesimal trans-
formations of the space-time variables and the fields. The starting point of these considerations will be
Eq. (2.6), i.e., the action functional of a theory containing N fields ¢,(z), a = 1,..., N. The space-time
variables transform according to
o't =gt 4 szt | (2.9)
while the fields transform as
Pu(2') = da(@) + 060 () - (2.10)

At this point it is important to mention that the variation d¢,(x) contains one part proportional to the
variation of the field itself and another part arising from the fact that also the space-time variables are
varied. This can be seen as follows

0¢a(w) = ¢4 (2) — ¢a(z)
= ¢a(2') = ¢a(2’) + da(2') — da()
= Ao (') + Opga()dxt
= Ada(z) + Opa(x)dz” (2.11)

in which we used that the difference A¢q(z') = @), (2') — ¢po(x’) corresponds to the variation of the field at a
fixed space-time coordinate z’. This kind of variation, in which we only consider the variation of the field,
is often denoted as the total variation of the field. This total variation has the advantage to be commutable
with the derivatives. Furthermore, we expanded the field ¢,(z') in a Taylor polynomial up to first order in

1However, it turns out that weak interactions break the symmetry under parity and time-reversal transformations, so that
in nature the realized symmetry group reduces to the proper orthochronous Poincaré group.
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dx*. Finally, in the last step, we used that the total variation A¢,(2’) is, up to first order, identical with
the total variation Ag,(x) at . Now, we consider the transformed action functional, which is of the form

S[da ()] = S[da(x)] + 35 . (2.12)

In order to have a theory which is invariant under the transformations (2.9) and (2.10), we have to require
that the last term 65 in Eq. (2.12) vanishes. Therefore, we rewrite this term as follows

08 = S [y («")] — S [da(2)]
= S[¢(x")] = S[da(2')] + 5 [$a(z')] = S [Pa()]

= [ 4t 2 (@) 0) — [ a2 (0u(a).0)00(0")
+/ d'a’ &L (¢a(2), 0, ¢a(2)) — / d*z L (¢a(), 0uda(T)) . (2.13)
Q Q

In the following step, we expand the first term in Eq. (2.13) around ¢, (z"). Using that ¢} (z') = ¢u(z") +
Ady(z), we find

0L (¢a('), 0, a(a”))

8% (1'/) Ad)a(x/)

/ RS EACADRAACHE /Q ! {z (¢ala’), 0,00 (a")) +
0L (da(2'),0,¢a(a"))

0 ((%(;Sa(x’))
- /Q R A CACORANCD)

o (0L (Du(2). 0ubu()) 0L ($u(x). 8, 6u(x))
+ [ ate (OGO A )+ 9 (Op0a(2))

0 80a(x) }

QMA%(x)} ,
(2.14)

where we immediately used that the total variation commutes with the 4-gradient. Next, we consider the
third term in Eq. (2.13). In this term, the Lagrangian density can be expanded around z. In addition to
that, we perform a change of variables from 2’ — z inside the integral. This leads to

oz'*
174

ox

d*a" Z (¢a(@’), 0 0a(a)) = /Q d'z det( ){f((ﬁa(x),aﬂ(ba(x))+8M$(¢a(x),(9uqba(x))6x“}

o
- /Q d*z {g(%(x),ama(x)) + 0uL (Pa(), Opa(x)) 02t
85%“}

oxH

where we used, that det (0z'#/0x") = 1+ 0dx* /dx” and neglected terms of second order in the infinitesimal
quantities dz* and 9dz#/Ox*. The functional determinant can be calculated by taking the exponential of
In (det(A)) = Tr (In(A)). Now, we insert the results (2.14) and (2.15) into Eq. (2.13) to obtain

_ 4x ag (Qsa(:r)va/td)a(x)) T ag (¢a(x)aa/t¢a(z)) T
R e R [ )
oozt }

+ [ @t {0, (00(0),0,00 @) " + 2 (9u(2).0,04()) Ty

_ 4£U 8$(¢a(x)7au¢a(x)) T ag(¢a(x)7au¢a($))
‘/Qd (T am A+ =2

+ /Q a4 {0, 12 (60 ), Oudra() 6241} (2.16)

+ 2 (6a(@), 8u0u(x)) (2.15)

6MA¢,1(:L')}

By considering the second term of the first integral of Eq. (2.16), we recognize that this term can be rewritten

as

0L (9o (), Duda(r))
9 (Oua(x))

0L (¢a(2), Opda(x))
0 (9u¢a(2))

0, (8n(2) =0 |

80ua)| - (9,25 AN ) g, o),

9 (Opda(z))
(2.17)

This is essentially the same step as in the derivation of the Euler-Lagrange equations. But, in Eq. (2.7) we
assumed that the variation of the fields vanishes on the surface 92 and outside the space-time volume Q.
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This assumption requires that the first term, i.e., the surface term, in Eq. (2.17) vanishes. In this calculation
we do not make this assumption. Inserting (2.17) into Eq. (2.16), dropping the arguments of the Lagrangian
densities and rearranging the terms, we finally obtain

e R o Ay R Clorse AR

—A&%@{adﬁim(wdm&@uww>+gwﬁ
= [0, {52 h6u0) — | tunle) — 2] 60

Outa(z)) Oua(x))
4 24 — M SV
/d x 0, { Ononle ))5¢a(x) ) } , (2.18)

where we used that the fields ¢, (z) fulfill the classical equations of motion (2.8). Furthermore, we used Eq.
(2.11) to rewrite the total variation and defined the so-called energy-momentum tensor

o — 0L
9 (0pta())
At the beginning of the above derivation, we started with the requirement that §5 = 0, therefore Eq. (2.18)

has to vanish. We recognize that the space-time volume €2 was chosen arbitrary, so that the integral vanishes,
if

Oy¢a(z) — 9,2 - (2.19)

0L
0 {5% x) — Gﬁéx”} =0, 2.20
H o (8M ¢a($)) ( ) ( )
which obviously has the form of a continuity equation for the conserved Noether current
0¥
JH = —————0da(x) — 01,027 . 2.21
9 @ubum) 221

Finally, we are able to evaluate the volume integral of Eq. (2.20) by using the Gaussian theorem to obtain
the conserved Noether charge )

0= iQ, Q :/ d3r J° . (2.22)
dt v

The derivation of this section shows what is generally known as Noether’s Theorem: The invariance of

the classical action functional with respect to a continuous transformation of the field variables and/or the

space-time variables gives rise to the existence of a conserved current (2.21) and therefore to the existence

of a conserved charge (2.22).

This section shall be completed by a discussion of the symmetry properties of the energy-momentum tensor
(2.19). This energy-momentum tensor is, in general, not a symmetric tensor. In practice, it is sometimes
advantageous to work with a symmetric energy-momentum tensor. In order to obtain a symmetric, physically
absolutely equivalent energy-momentum tensor, often denoted as 7", one adds the 4-divergence of a third-
rank tensor 9MY, satisfying 9 MY = —gH

TH = 9" 4 99 . (2.23)

This tensor is referred to as Belinfante tensor. Such a Belinfante tensor always exists, if the difference of
the unsymmetrized energy-momentum tensor and its transposed, i.e., the antisymmetric part of the energy-
momentum tensor, is proportional to the 4-divergence of a third-rank tensor

0" — 9% = =9, 9", (2.24)
which is antisymmetric in the second and third index 9#*® = —9#*_ Now, we choose
1

grve — 3 grva 4 gror _ gapv , (225)

so that
Tl/Q _ TO(V — 911(1 _ 0(11/ + 8# (19}1111(1 _ 19[,&(11/)

= gre _gov 4 au,guua
=0, (2.26)
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where we used Eqs. (2.23), (2.25), and the symmetry properties of 9. Using Eq. (2.25), we are in
the position to determine the explicit form of the Belinfante tensor ¥#**. To this end, we consider the
infinitesimal Lorentz transformations of a general theory, described by Eq. (2.6). A general ansatz for the
transformation of the fields ¢,(z) under the Lorentz group is given by

$le’) = 0uw) + S ()1 (@) (2.27)

where the group parameters satisfy w*” = —w"* and the (J"”),, are finite-dimensional representations of
the generators of the Lorentz group. Under infinitesimal Lorentz transformations the space-time variables
transform according to

't =t + ', . (2.28)

Inserting the transformations (2.27) and (2.28) into the Noether current (2.21), we obtain

- 0L Z va b v a
JH — FICEAE)] {me (J") o @ (z)} 0,
_ 0% 1 ra b 1 N N , N
9 (0udal2)) {2%@ (S )an @ (I)} 5 (0" wWyax® — 0wy
1 0L . Tva b o o
§Wua {Wh(f))l (J )ab 10} (g;) J4ogHagy _ vy
= %WVQM:U'VQ , (229)

where we used the antisymmetry of the group parameters and renamed v <> « in the second term of the
second step. Now, the conservation of this Noether current implies that 0 = 9, M*¥“ which can be rewritten
as

0= 0, M+
0L

0%
i vz va b va _ poav va __ pgov
= On [a(ama(x))Z(J Jap @ (@)| +0" =0, = " -0 9

i (J" b(2)] .
sy 0 e @)
(2.30)

Finally, using Egs. (2.24) and (2.25), we obtain the explicit form of the Belinfante tensor of a general theory
(2.6)
gHve —

1[8( 0L

e 0%
B mﬁu )ab¢b(x)+a

ey g O
(8y¢a($)) (J )ab¢( ) 8

- (J* Y
Gavai)) a0l )] (2.31)

2.2 Functional Methods, Spontaneously Broken Global Symme-
tries, and the Goldstone Theorem

The main focus of this second section will be the spontaneous breakdown of global, continuous symmetries.
This important mechanism shall be introduced in two steps. In the first step, we consider a simple toy
model with a discrete internal symmetry which will be broken spontaneously. This simple example will show
us that a spontaneous symmetry breakdown requires two prerequisites: degenerate vacua and an infinitely
large space. Then, we extend our considerations to a more complicated toy model with a continuous internal
symmetry. The treatment of this model will show us that the spontaneous breakdown of a continuous
symmetry is closely connected to the existence of massless pseudoscalar excitations. The occurrence of these
so-called Nambu-Goldstone bosons is well described by the famous Goldstone theorem which we will prove
at the end of this section. Since this proof requires functional methods, we will start this section with a very
brief reminder of the functional approach to second quantization.

2.2.1 The Quantum Effective Action and its Symmetries

An important tool in the mathematical treatment of quantum many-particle problems is the process of
second quantization. One approach to second quantization is the so-called canonical quantization. In
this framework, one starts with the classical action of the theory in question. Then, one calculates the
general solutions of the classical equations of motion in accordance with Eq. (2.8). These solutions can be
represented as a decomposition in a complete and orthonormal set of functions, depending on the symmetry
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of the space. Usually, one uses a Fourier decomposition. Now, the Fourier amplitudes in this decomposition
will be promoted to creation and annihilation operators, so that the classical field becomes a field operator. In
addition to that, the canonical momentum densities associated with each classical field will also be promoted
to operators. Then, we require that the field operator and the associated momentum density fulfill the
following equal-time commutation or anticommutation relations

[pa(t,r), mp(t, )], = 050 (r — 1) (2.32)

where the symbol [-,-] | denotes the anticommutator and [-,-]_ denotes the commutator. The decision
whether to demand a commutator or an anticommutator relation in Eq. (2.32) is based on the statistics of
the fields in question. For bosonic fields, we require an equal-time commutation relation, for fermionic fields,
we claim an equal-time anticommutation relation. At this point, it should be taken into account that (2.32)
has to be modified, if the fields contain additional degrees of freedom arising from internal symmetries of
the field space.

Now, using Eq. (2.32), it is possible to find commutation or anticommutations relations for the creation
and annihilation operators. These relations can be used to rewrite the physical observables like the 4-
momentum operator or the angular-momentum operator in terms of the creation and annihilation operators.
The particle picture is now realized as follows: The physical n-particle states are represented as vectors in a
complex Hilbert space ). These vectors are implemented as square-integrable functions with n variables. The
states which describe real physical systems are defined on the subspaces hg and hr of h. Here the subspace
hp contains symmetric functions and the subspace b contains antisymmetric functions. According to the
spin-statistics theorem, the symmetric functions describe physical bosons and the antisymmetric functions
describe physical fermions. Therefore, these subspaces are often called state spaces. Then, the n-particle
states can be generated by the action of the creation operators on a unique vacuum state |Q).

Another approach to second quantization is given by functional integrals. Since the central studies of this
work are based on functional methods, we have to repeat the important steps, which lead to the functional
approach to Quantum Field Theory. To this end, we consider a general theory describing N spin-0 fields
¢a(z), a =1,..., N, whose Lagrangian is given by

L (G0, 0u60) =+ (0u60)* = o2 — ¥ (60) (2.33)
a) OpPa 9 \YnPa 5 %a a) - .

From classical Lagrangian Field Theory, we know that each of the N classical fields is associated with a
conjugate momentum density

apy = 02
™) = 5 @)
~ 55T (@00 (206') = (Vo) (V6)}
l
- % {m (000") + (Do) gfgji))}
— 006 (x) . (2.34)

where we used that 9 (9yé1) /0 (Joda) = §,%. Then, the Hamiltonian of the theory is given by
H= / d3r
— [ @ (ru(@)00 @) ~ £ (60.0,60)
= [ @ [Fra@nt @)+ (Voua) Vo) + Boia + 7 )| - 39

where we used Eq. (2.34). As already mentioned at the beginning of this subsection, the canonical for-
malism relates the classical fields ¢q(z), mq(2) with field operators ¢q(z) and 7 (z) which we consider in
the Heisenberg picture. These operators have sets of time-dependent eigenstates which fulfill the following
eigenvalue equations

QEG(I) |¢17"'7¢Nat> = (rzs(l(x) |¢17"'7¢Nat> ) (236)

Fo(x) |71, 7N, ) = () |71, .. TN, E) (2.37)
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The time-dependence of the above eigenstates is realized by the action of the so-called time evolution operator

U on the states

|¢17-~-a¢N7t/> :U(tat/)|¢1a-~-7¢N7t> ) (238)
|7T1,...,7TN,tl>Zﬁ(t,t/)lﬂl,...,ﬂN,t> 5 (239)

where L
Ut t) = e HODE ) (2.40)

Furthermore, the sets of eigenstates of the Heisenberg field operators are complete and orthonormal, i.e.,
they satisfy

JT1a6@ 61, 0.8 @r,.c ot =1, (2.41)

(D1,ir- -, ONir til D1 gy - ON G Tj) =0 [(;7,(33) - 5](33)] } (2.42)
and

/Udgf:) 71, T ) (Tt = 1 (2.43)

(Tl s NG Ei| Ty - TN, E) = 0 [Ti(2) — 75 ()] (2.44)

—

where dé(z) = déi(x)...don(z) and d7(z) = dmi(x)...dwy(z). At this point, it should be mentioned
that the completeness relations (2.41) and (2.43) are also fulfilled for the time-independent eigenstates
|p1,...,0Nn,0) and |m,..., 7N, 0). Finally, the overlap of these eigenstates is given by

(1,...,0N,0l71,...,7N,0) = exp {i/d?’r ﬂa(r)d)a(r)} . (2.45)

After these preliminaries, we come to the starting point of the derivation of the functional integral for the
theory (2.33), which is given by the transition amplitude of an initial field configuration at ¢; to a final field
configuration at ¢y,

(D1,p5- > ON o tf|PLis - ONis L) - (2.46)

Now, we decompose the time interval [t;,¢s] into n + 1 time slices of the same length
ty =1t + k7, k=1,....n, (2.47)
and insert a complete set of field operator eigenstates at each of the above grid points into Eq. (2.46)
(D1,f5- - N teld1s - DNy i)
n
= / [1di(x) (brs-- N prtpldim - bnmtn) - (Dr1s- - dN 1t dLis - s ti)
j=1

:/Hd(gj(r) (D1, ON 1 O[T (g ) [ D1ms - s O, O) -+ (D11, -5 081, OlU (£, 80) [y -5 D3, 0)
=1
’ (2.48)

where we used the time evolution of the field operator eigenstates in the last line and the convolution
property of the time evolution operator. The next step of the calculation shows an important property of
the functional integral, therefore we perform this step in detail. To this end, we pick out one of the transition
amplitudes of the above expression and rewrite it as follows

(D1,0415 -+ ON+1, O[T (tigr, 1) |10 - - -, DN, 0)

= <¢1,l+17 .. '7¢N,l+1?0|1 - ZH(&) %)T‘d)l,l; .. '7¢N,l70>
= <¢17l+17 .. '7¢N,l+170|¢1,l7 .. '7¢N7lao>

. dm(r NP
—ZT/H%) (D141 ON+1, 0l - TN, 0) (s - v, OLH (6, T) 10, -5 v, 0)
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= <¢1,l+1a .. '7¢N,l+1a0|¢17l7 .. '7¢N,lao>

. dm(r -
—%T/H 2175) (D141, s ON41, 0111, s TN, O) (g ooy v, OV H (drs M) [ 10+, B2, 0)

=[Gt ] —ir [TT55 e {i [ at mas ot o8) {570 (2.49)

where we inserted a complete set of momentum density eigenstates and used the overlap (2.45) and the fact
that the field operator eigenstates are orthonormal. The important step of the above calculation happens
in the penultimate line: There, we use that the Hamilton operator is a function of the field operator ngba
and the conjugate momentum density operator 7,. Then, using the eigenvalue equations (2.36) and (2.37)
of these operators, we observe that the action of the Hamilton operator on the eigenstate |¢14,...,¢n,,0)
projects the respective eigenvalues out of the Hilbert-space vector. This transforms the Hamilton operator
into the classical Hamiltonian H (q?l,?rl). In order to compactify the result (2.49), we use the exponential
representation of the functional delta-distribution

{qﬁz( /H drlr exp{ /d3r 7o (60 — ¢g)} : (2.50)

so that we finally obtain

(r141y -+ ON1+1, O[T (trg1, 1) 1y - -+ > D1, 0)
= /H dg—ﬁ exp {i/d3r Tt (P11 — ¢?)}(1 - iﬂf((Ezﬁz)) (2.51)

Now, we can use the above result for each of the transition amplitudes in Eq. (2.48) and find

<¢1,f7 .. '7¢N,f7tf|¢l,i; .. '3¢N,i>ti>

n . n d’ﬁ" . n . n

= /Hd(bj(r) H 2—; exp z/d3r ZW“J (¢j+1 H (1 —iTH qﬁj,wj))
j=1 j=0 =0 iZo
Sy AR , n ¢, — o L

= /Jl:[ld(bj(r)]l:lo%_j exp ZT/d?’r ;WQJ% — H(9;, 7))

=0 / P(2) D7 () exp {z /: dte [ra(@)200" () (S, 7?)]} . (2.52)

The last line of Eq. (2.52) requires some explanation: The limits n — oo and 7 — 0 transform the sum
over j in the exponential into an integral in the Riemannian sense. The latter limit also makes sure that
the quotient of the 5 fields becomes a partial derivative with respect to the time variable. Furthermore, the
functional integral measures are defined as

) = lim HHd¢ = lim HH : (2.53)
"_’0 j=1r 720 j=0 r

The result (2.52) is often called Phase-Space Path Integral. But the Phase-Space Path Integral of the scalar
field theory (2.33) can also be brought into another form. To this end, we notice that the Hamiltonian
density of the theory, Eq. (2.35), only contains terms which are at maximum of quadratic powers in the
conjugate momenta 7,(x). This means that the functional integral over the conjugate momenta is simple
given by a functional generalization of a Gaussian integral, compare [6.2]. We find

(D1,f5- - ON > Lf DLy - - PNy Ti)

- [ 28970 e {i | ds [ma(e)ous (o) — 6.7 }

= [ 28w 27(w) exp { / d'z H (ma() — Botra (1)) + L (d0(2), ama(w))] }

7 [ i) e {i [ 7t L(0ula). 000} (254)

i
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where we absorbed the value of the Gaussian functional integral in the normalization constant N. This
result is often referred to as Feynman form of the functional integral of the scalar field theory.

In general, one is not only interested in the transition amplitudes of a quantum field theory, but also
in the expectation values of the field operators. Especially, the time-ordered vacuum expectation values
of arbitrary products of field operators are of particular importance, since they correspond to the n-point
Greens functions of the theory. In the following, we want to derive an expression for the n-point functions
of the scalar field theory (2.33). It will be shown that all n-point functions of the theory can be collected in
only one so-called generating functional. The concept of a generating functional guarantees that the n-point
functions of a theory take a rather simple form in the functional formulation of Quantum Field Theory.
Then, for later purposes, we will also introduce two other kinds of generating functionals, which are able to
generate only special types of n-point functions. In order to derive a functional integral expression of the
n-point functions of our scalar field theory, we consider the following time-ordered expectation value

<¢1,f7 sy ¢N,f7tf|T {(b];i e Z:Z} |¢1,i7 sy ¢N1>tz> B (255)
where T' denotes the time-ordering operator. In the above expression, the indices a; label the different scalar
fields in field space, so that a; € [1,N] for all j = 1,...,m. Furthermore, we decompose the time interval
[ti,ty] according to Eq. (2.47) and choose the time grid points in way, so that m of them match with the
time arguments k;, j = 1,...,m of the field operators. In order to simplify the above expectation value, we
choose a distinct time-ordering and assume ky > ko > ... > ky,, so that Eq. (2.55) becomes

(B1ops- e ONpoty| DR A§Z|¢1,i7~-~7¢N,iati> . (2.56)

According to the previous derivation, we insert complete sets of time-dependent field operator eigenstates,
so that the above expectation value becomes

<¢1,f7 .. 7¢N,f7tf|¢§];1 e A’;Z‘qsl,h e 7¢N,i7ti>

n
Z/Hd¢j (B1fr- s ONFEF|BLms s N s ) - (PLkr 115+ s ON ey 41 Ly 41 |O5 [ Lks -+ ) DNy Ty )
j=1

m

e APU ot 1s s ON ot 15 Lo | D5 [ D1k s+« s ONoms Eon ) (D115 ooy DN T [Pt oy DNy i)

m

:/Hdsgj PE Ok (b1, b, OlU (E g ) D1y - - s Dy O)
j=1

U <¢1,17 ) ¢N,17 0|U(t17ti)|¢l,ia ceey ¢N170> ) (257)

where we used the eigenvalue equation (2.36). According to the discussion of Eq. (2.49), it should be
emphasized that the fields in front of the matrix elements in Eq. (2.58) are classical field quantities which of
course commute. An important consequence of this insight is that any other time-ordering of the operators
in Eq. (2.56) would yield the same result (2.57). This means that the time-ordering of the operators is
always encoded in the functional integral. Returning to the above result, we recognize that, apart from the
product of the field operator eigenvalues, the expressions in Eqgs. (2.48) and (2.57) are identical, so that
we can follow the same calculational steps as in the previous derivation. Inserting conjugate momentum
eigenstates into each of the matrix elements in Eq. (2.57), summarizing the exponentials and taking the
limits n — oo and 7 — 0 yields

<¢1,f,~~-,¢N,f,tf|T{€Z>]Zi AZ;} |61,is- -5 PNy i)
- ty
— J\/’/@qb(x) bay (T, Pa,, (Tk,,) exp {z/ d*z f((ba(x%auqba(a:))} . (2.58)

t;

In order to derive an expression for the n-point functions of the theory, we return to the expectation value
(2.56) and rewrite it in a different way. Now, we insert two sets of energy eigenstates of the Hamilton
operator of the theory

(D1,f5-- > ONp- LT {é’éi l;m} |P1,65 -+ s PN iy ti)
=3 G s ongs byl (T {82 Bl b lm) (mlors, o i)

= 3 (B g, 010 (15, 0) ) (T {3t B} ) Gl (0, 80) 1, 61,0}
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= Z e_i(Entf_Emti) <¢1,f7 LR} ¢N,f7 O|n> <ﬂ|T {Qggi e 522} |m> <m|¢1,i7 R ¢N,i7 0>
n,m
= Z 6_(En7—f_EmTi) <¢1’f’ A d)N’f’ O|7’L> <7’L|T {(521 T d)a,n} |m> <m|¢1,’i7 RN} ¢N,i7 0> ) (259)

where we performed an analytic continuation to imaginary times ¢ — —i7 in the last line. This mathematical
trick is often called Wick rotation and we will study it in more detail in Chapter [4.1]. The necessity of this
approach becomes evident, when we try to study the behavior of Eq. (2.59) for large time arguments, i.e.,
for t; — oo and ¢; — —oo. Without the Wick rotation, we would obtain a strongly oscillating exponential
factor and it would not be clear, how to interpret this result. The Wick rotation transforms the oscillating
exponential into an exponentially damped factor. It is obvious that, in the limits t; — oo and ¢; — —o0,
the largest contribution to Eq. (2.59) comes from the term n = m = 0, i.e., from the ground state |0) = |£2).
Therefore, we find

T‘Lil;nocy <¢1,f7 B ¢N,f7 _ZTf|T {(E)I(E T km} |¢1 Byt ¢N,i7 _7/7_1>

Tfroo
e BT (61 g b, O1R) (QUT {81 - 8 1 19) Qi 6n,0) (2.60)

Obviously, we found an expression which contains the vacuum expectation value of a time-ordered product
of field operators. In order to find an expression for the n-point functions of the theory, we have to isolate
this factor. To this end, we return to the transition amplitude (2.46) and rewrite it in the same way as Eq.
(2.56)

<¢17f? LR 5¢N7f,tf|¢17ia R ¢N,i7 tz>
= (B1ps- o ONptrIN) (D1 DNt
n

= Z e_iEn(tf_ti) <¢1,f7 ey ¢N,f7 O|’I’L> <n|¢1,i7 ey ¢N,i7 0>
n

= Z e T gy 5y o, Oln) (g, b, 0)
n

T;——o00,
7§00

e BT Gy 5 0 g, Ol (Qb, -, I 0) (2.61)
Comparing the results (2.60) and (2.61), we observe that the n-point functions can be written as

(QUT {p(x1) - - d(zn)} )

(D1,p0- - O p b |T {J?al(xl) - Pa, (SCn)} 91,6, - s ONyi i)

Gt(z’rll?..an (xlv s 71'71)

= 1

t;;?;j” (Pr,fs- s N tpldLis s PN i)

[ 20) b @) G, (o) exp (i [ ' Z0u(@). ale) |
= lim -

Ere J 28(@) exp{i [} do £ (6a(2),0u00(x)) |

_ [ 29(x) by (21) -~ ba, (wa) exp {i [ d'z L(a(), Dudu(x)) } 7 (2.62)

f@d) (z) exp {i [d*a Z(¢a(z),0uda(z))}

where we relabeled the field-space and time indices, m — n. At this point it is common to introduce a so-
called generating functional for all n-point functions of the theory. The basic idea of introducing a generating
functional arises from the observation that the product of the classical fields in the numerator of Eq. (2.62)
can simply be generated by functional derivatives. In order to see this, we define the vacuum-to-vacuum
transition amplitude in the presence of external sources

Z17) = (QI0) ; N/-%ﬁ eXp{ /d4x i”(sba(z)ﬁma(ﬁc))+Ja(x)¢“(x)}, (2.63)

where we introduced the N-dimensional vector J(z) = (Jy(z),. .., Jy(z))T. The components of this vector
are classical sources which describe perturbations of the quantum system. Furthermore, the normalization
constant A can be fixed by the normalization requirement Z [j = 6] = 1. It is now easy to see that the
functional derivatives of Z [f] with respect to the classical sources at J = 0 yield Eq. (2.62). Therefore, we
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conclude that all n-point functions of the theory can be obtained from the vacuum-to-vacuum amplitude
(2.63) by taking functional derivatives with respect to the external sources

-

" Z[J]
d0Ju(z)...6J% (x)

G(")_ian (@1, ) = (—0)"

aq.

(2.64)
J=0
Due to the property that Eq. (2.63) includes all n-point functions of the theory, i.e., it is the sum of
all vacuum-to-vacuum amplitudes in the presence of the classical sources J,(z), and since it describes a
functional of the external sources, it is often called generating functional of all n-point functions or simply

=

generating functional. It is also possible to define another generating functional, denoted as W[J], which is

— —

the sum of all connected diagrams of the theory. The relation between W[J] and Z[J] is given by

-

iWJ] = n(Z[J]) . (2.65)

=

This relation can be understood as follows. As mentioned above, the generating functional Z[J] is the sum
of all diagrams. Now, a general diagram can be written as diagram = [[,(1 /nj!)(connected);” , where the
variable n; counts how often a connected subdiagram (connected); appears in diagram. The factor 1/n;! is
the so-called symmetry factor, associated with the subdiagram (connected);. If we insert this expression in
Z[J] >_(n,} diagram and use the definition W[J] = >~ (connected);, we immediately arrive at Eq. (2.65).
This functional generates the so-called connected n-point functions by taking the functional derivatives of
Eq. (2.65) with respect to the classical sources

—

S"WJ|
dJor(z)...0J% (x) s ’

n),connected _ An—1
Ggl?..an (xla s axn) = (_Z) (266)

There also exists another special type of diagrams, the so-called one-particle irreducible (1PI) diagrams.
Under this term one understands diagrams which are connected in a non-trivial way. In plain language, this
means that the diagram is still connected, even if we truncate an arbitrary inner line. Figures [2.1] and [2.2]
show simple examples for 1PI diagrams and diagrams which are not one-particle irreducible. As mentioned

(a) (b)

Figure 2.1: The diagrams (a) and (b) show 1PI vacuum corrections to the free 4-point function in p*-theory. Obviously, it
is possible to truncate an arbitrary inner line without decomposing the diagrams (a) and (b) into disjoint subdiagrams.

C

Figure 2.2: The diagrams (a) and (b) show vacuum corrections to the free 2-point function in @%-theory, which are not
one-particle irreducible. It is evident that we are able to truncate an inner line, so that the diagrams (a) and (b) decompose
into disjoint subdiagrams.

(a (b)

before, the 1PI diagrams are special cases of connected diagrams. Therefore, we expect that the generating

functional for those diagrams can be obtained from W/[J| or is at least proportional to W[J]|. In order to
construct the generating functional for 1PI diagrams, we start with the definition

~swid
-~ 0Je(x)

Pa(T) (2.67)

of the so-called classical field. The field (2.67) is given by the vacuum expectation value of the field operator
¢o(x) in the presence of the classical source J,(x). The designation as classical field can be motivated by
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an explicit example. To this end, we consider the free Klein-Gordon theory. For this type of theory, the
generating functional for connected Green’s functions can be explicitly computed as

WJ| = —% /d4951d4302 J(x1) Ap (21 — 22) J (x2) . (2.68)

Inserting this result into Eq. (2.67) we obtain

p(x) = _;&]6() /d4m1d4mz J(z1) Ap (21 — 22) J (22)
=g [t (S arter - + Seastn - )5S
= /d4z Ap(z—2)J(2) . (2.69)

Next, we insert Eq. (2.69) into the classical equation of motion, i.e., in the Klein-Gordon equation. We find
(O +m?) p(z) = /d4z (O +m?) Ap(x — 2)J(z) = J(a) (2.70)

where we used that the Feynman propagator Ap(z — 2z) is a Green function of the Klein-Gordon operator.
Apparently, the classical field ¢(z) fulfills the classical equation of motion in the presence of the classical
source J(x).

Now, we come back to the general case of a theory containing N fields. If we assume the definition (2.67)
to be invertible, the classical source J,(x) can be seen as an independent variable. It is therefore possible to
eliminate J,(z) from the functional by expressing it in terms of the classical field ¢, (x). Hence, we define
the generating functional for 1PI diagrams as the functional Legendre transform of W[ﬂ

r[7] = WLJ] /d z pa(x)J(z) . (2.71)
By taking the functional derivative of Eq. (2.71) with respect to ¢,, we find another interesting relation
or[g] _ sWJ] / 4, {5<pb(w’) by /5Jb(w’)}
d*z J(2") + pp(2') ——=
Soal@)  3pul@) S TS G
4,0 ]5']b($/) _os@) a 7b 1\ / 6Jb(x/)
- e {wb @) b)) Tl
= —J%x (2.72)

The above relation shows that for a vanishing classical source J = 0 the values for the classical fields are
determined by the stationary points of the 1PI generating functional T'[@]. This fact is comparable to the
classical equations of motion which follow from the stationary points of the classical action, compare Eq.
(2.7). Due to this similarity, the functional I'[Z] is often referred to as quantum effective action. Of course,
in close analogy to Eqgs. (2.64) and (2.66), the 1PI functions can be obtained by taking the functional
derivatives of I'[Z] with respect to the classical fields ¢, ()

5[] |
S (1) - .. 0 () | g

)

a1 an(xlw"axn) =

(2.73)

Finally, we want to study the symmetries of the quantum effective action. More precisely, we want to find
a condition which always holds when the effective action is invariant under a certain transformation of the
fields. In the next section, we will use this relation as the starting point for the proof of the Goldstone
theorem. To this end, we consider a transformation of the IV fields of the form

ba() = ¢o () = ¢a() + €0 [fa, 2] (2.74)

where €, in general has a functional dependence on ¢,. Now, we consider the generating functional of all
Green functions Z[J] and assume that the classical action as well as the path integral measure are both
invariant under the transformation (2.74) of the fields, i.e.,

S[#,] = S¢al, 24 (x)

[[d6(z) = 24(=) - (2.75)
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Inserting the transformed fields ¢/, () into Z[J] and using the assumptions (2.75), one obtains

HZ/\/‘/@dexp{ / Az J(z x)}
N / 76 exp{isio +1 [ aio J“(m)asa(x)} exp {ic [ @ Qul6u 2170
/ 26 exp{ 0.+ [ ato Ja<x>¢“<x)} [ s ulgn,ale(z)

ZI + 62T (2.76)

where we expanded the second exponential up to first order in €. In order to be invariant under the
transformation (2.74), the second term §Z[.J [ ] has to vanish exactly. Interchanging the space-time and the
functional integration and dividing by Z[.J], this condition can be written as

0= [ dte @ufo., }>‘§£f], (2.77)

where we used Eq. (2.72) and defined the average (€,[dq,2]) in presence of the classical source .J as

[ 26 exp {iS[ga] +i [ de Ju(2)6" (@)} Qulda, @]
21J]

(Q[da,z]) = (2.78)

The invariance conditions (2.77) are often referred to as Slavnov-Taylor identities. Finally, we can add I'[¢g]/e
on both sides of Eq. (2.77), so that

Ilea + € {Qalda, 2])] = Tled] , (2.79)

where we neclected terms of order O(e?). Obviously, the conditions (2.77) imply the invariance of the
quantum effective action under transformations of the type

Pa(®) = 0o (7) = Pa(@) + € (Qa [0, 2]) - (2.80)

It has to be taken into account, that the transformations (2.80) are in general not of the same type as the
transformations (2.74) which we started with. Fortunately, the equivalence of Egs. (2.74) and (2.80) holds
for an important class of infinitesimal transformations, particularly for infinitesimal transformations which
are linear in the fields

Qo[ba, ] = wa(z) + /d4z Tab(x,z)q’)b(z) ) (2.81)

If we combine Egs. (2.74) and (2.81), the resulting infinitesimal transformation is very similar to an
infinitesimal element of a Lie group. For such a group the first term w,(z) vanishes and the matrix
T.,b(x, z) is proportional to the product of a generator of the associated Lie group with a delta-distribution
T.2(z,2) o< T,26™) (x — z). For these transformations we are able to find a conﬁguration for the fields ¢, ()
and the classical sources J%(x), so that (¢ (z)) = ¢ (z) and therefore (Qy [Pa, 2]) = Qu[@a, 2]

2.2.2 Spontaneously Broken Symmetries and Degenerate Vacua

In the first section we saw that the invariance of the classical action of a theory under the elements of
a continuous group involves a conserved Noether current (2.21) and therefore a conserved Noether charge
(2.22). As seen in subsection [2.1.2], this holds for symmetries of space-time as well as for internal symmetries.
But it shows that in nature not only the preserved symmetries play an important role, but also the explicitly
and spontaneously broken symmetries. In this Subsection we will focus on the systematics of spontaneous
symmetry breaking. As already mentioned in the introduction of this section, there are two important
prerequisites which must be met. On the one hand, we will see that spontaneous symmetry breaking requires
the existence of degenerate vacua. On the other hand, it turns out that an infinite space-time volume will
be another important, even if subtle point. In order to simplify matters, we want to study these subjects
by using the example of a simple theory containing real scalar fields with a quartic self-interaction. The
Lagrangian of this theory is given by

L(p(x),0u0(x) = = 0u0)* =V (9) ,  V(p) = 2>+ %w“ : (2.82)
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At first sight, Eq. (2.82) is identical to the Lagrangian of the familiar p*-theory. But in contrast to this
theory, we do not want to fix the sign of the parameter m2. On the other hand, in accordance with the
usual p* Lagrangian, we define A > 0 so that the potential density is bounded from below. Obviously, the
Lagrangian (2.82) is invariant under Zs-transformations

p(x) 2 ¢ (2) = —p(x) . (2.83)

In general, the cyclic group of rank n, Z,, is a discrete group describing the rotations of regular polygons
with n directed sides. In the case of the field theory (2.82), we have to "rotate” the field ¢(x) twice, in
order to transform it into itself. Therefore, the symmetry group of this theory is given by Z,. Later in
this discussion, we will also associate an operator C,, acting on the Hilbert space of our system, with this
symmetry transformation. But prior to that, we have to clarify the consequences of the sign of the constant
m?2. To this end, we start with the case which is realized in ordinary ¢*-theory, i.e., m? > 0. The potential
density for this case is pictured in Fig. [2.3(a)]. From this figure we observe that the choice m? > 0 leads

Vv
‘(‘(P) V(91.92)
>
(a) (b)

Figure 2.3: Figure [(a)] shows the potential density given in Eq. (2.82) for m? > 0. Figure [(b)] demonstrates the two
dimensional version of Fig. [(a)], i.e., the Wigner-Weyl realization of Eq. (2.82).

to a unique minimum at ¢g = 0. Of course, it is also possible to find this minimum by setting the first
derivative of ¥'(p) with respect to ¢ to zero

V4 A
d(so) = m2yo + 5803 Lo, (2.84)
® lp=po ’

For m? > 0, the above condition (2.84) immediately leads to the minimum
po=0, (2.85)

which underpins the observation from Fig. [2.3(a)]. After quantizing the theory (2.82), this unique minimum
of the potential density will lead to a unique ground or vacuum state |2). Figure [2.3(b)] shows the two-
dimensional generalization of the potential density (2.82). Also in N-dimensional generalizations of this
potential density, we will only obtain a single minimum at ¢ = 0, where B=(p1,..., cpN)T and therefore a
unique vacuum state. It has to be taken into account that in the case of N > 2 the discrete Zs-symmetry
(2.83) of our model becomes a continuous rotational symmetry. This continuous case is often referred to
as the Wigner-Weyl realization of a symmetry, compare Fig. [2.3(b)]. As we will see in a moment, the
uniqueness of the ground state will not lead to a spontaneous breaking of the Zs-symmetry of our model.
Therefore, we are not interested in this case and turn to the second case m? < 0. It should be noted that
this sign convention of the parameter m? is not unphysical, since the Lagrangian (2.82) does not necessarily
have to describe particles of mass m. A more detailed discussion of this point is given in Ref. [RQFT]. In
the continuous case, this choice of sign is referred to as the Nambu-Goldstone realization of a symmetry. In
this case, the condition (2.84) leads to three extreme points

— m2
@0’1/2 =+ )\ = i(po, ()0073 = 0 . (286)

Checking the sufficient condition for the extreme points, it turns out that the point ¢ 3 corresponds to a local
maximum of the potential density, while the points g 1 /o describe the two distinct minima of the theory.
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After quantizing the theory, these minima will correspond to two degenerate vacua |2, +) and |2, —), which
are obviously distinguishable through the vacuum expectation values +¢py and —¢q of the field operator
(z). This situation and the corresponding two-dimensional case are depicted in Figs. [2.4(a)] and [(b)]. At
this point, it is convenient to shift the field by one of its vacuum expectation values and introduce a new
dynamical variable

p(x) = o(x) £ ¢o . (2.87)

This new field variable describes the field fluctuations around the minima. Therefore, Eq. (2.87) corresponds
to an expansion of the initial field variable around the minima of the potential density. The Lagrangian
(2.82) can be rewritten in terms of the new fluctuation field o(x)

1
2 (0(2),0,0(2)) = 5 (940)" ~ ¥ (0(2) = 00)

1 2 m? 2 2 4 3 2 2 3 4

=3 (Opo)” — - (U +<p0:|:20g00) ] (O’ + 40°po + 607 pg £ 4oy +g@0)
1 9 1 A m? A

=3 (Ou0) 3 (—=2m?) o* + 590003 - 104 — 5 2 - E(pé
1 9 1 A A

=3 (Opo)” — §m302 + aapoa?’ - 104 — ¥ (o) , (2.88)

where we used Eqs. (2.84), (2.86) and defined the mass of the new particle o as m, = v/—2m. The theory
in terms of the new dynamical field variable obviously develops not only the quartic self-interaction term,
which was already present in Eq. (2.82), but also a new cubic self-interaction term. In addition to that,
we obtain a new constant term which is given by the potential density evaluated at its minimum. However,
this constant term is irrelevant for the dynamics of the o-field, since it does not contribute to the equations
of motion. Let us come back to the cubic term. This new term ensures that the new Lagrangian (2.88) is

V(1,92)
AV

(a) (b)

Figure 2.4: Figure [(a)] shows the potential density given in Eq. (2.82) for m2 < 0. Figure (b) demonstrates the two
dimensional version of figure [(a)], i.e., the Nambu-Goldstone realization of Eq. (2.82).

not invariant under Z,-transformations of the fluctuation field o(x) 22 5 () = —o(z). This observation
could lead one to believe that the initial Zs-symmetry of the Lagrangian might be broken. But in fact,
the initial Zy-symmetry ¢(x) RZN ¢’ (x) = —p(z) is still present in the Lagrangian, even though realized in
a different way. This can be seen when we translate the transformation behavior of the initial field ¢(z)
in the language of the new fluctuation field o(z). Under Z; the fluctuation field transforms according to

o(x) N —0o(x) F2po. This shows us that the term "broken symmetry” is actually not true, since the initial
symmetry is just hidden. Nevertheless, we will use this term frequently throughout this work. Furthermore,
we recognize that the breakdown of the symmetry only occurs because the theory develops two degenerate
vacua for the choice m? < 0 and selects one of them as the physical vacuum. For the first case m? > 0
we obtained only a single vacuum state. The vacuum expectation value of the field operator vanishes in
this case. Therefore, a shift of the dynamical field would not develop a symmetry breaking term in the
Lagrangian. In the next subsection, we will see that the spontaneous breakdown of a global continuous
symmetry will have an important consequence, described by the Goldstone theorem. But before we come to
this subject, we go back to another subtle point. In the discussion of Eq. (2.86) we naively assumed that
the realized vacuum state of the theory is given by either |2, +) or |2, —). But, in a quantized theory it also
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should be possible to have a vacuum which is described by a superposition of both vacuum states |2, 4+) and
12, =), e.g.

1 1
V2 V2
In the following we want to show that such a vacuum (2.89) is not stable against small external perturbations.
To this end, we introduce an operator C,,, associated with the symmetry transformation (2.83). This operator
satisfies the following relations

|Qa +> = (|Q7+> + ‘Qv _>)> ‘97 _> (‘Qv+> - |Qv _>) : (2'89)

c2=1, C,=C,'=Cl, (2.90)
i.e., it is unitary and also hermitian. The first relation in Eq. (2.90) can be motivated by the fact that the
successive action of two operators C, on a state vector "reflects” the transformed state onto the initial state.
Therefore, the square of the operator must be given by the unit matrix. Multiplying this relation by C !
yields C, = C;; !. Using this relation and considering the matrix element (¢’|C,|p), we are able to show the
hermiticity and the unitarity of C,. The action of this operator also implies that

which immediately follows from Eq. (2.83). Using this relation, we can show that the linear combinations
|2, +) are invariant or up to a sign invariant under the Zs-transformation (2.83)

Col+) =+|Q,+) . (2.92)

With these considerations we are able to study an infinitesimal external perturbation which is odd in the
field variable ¢(z). The Hamiltonian describing this perturbation shall be given by H; = 6 Hpert, where 6 is
an infinitesimal coupling constant. The consequences of this perturbation can be studied in the framework
of perturbation theory. In our case, the vacuum state |(2) is twice degenerate. Therefore, there exists a two-
dimensional subspace which is formed by the degenerate vacuum states |Q, +). We also assume that these
vacuum states form an orthonormal basis of this subspace, which also implies that |2, 4+) are orthonormal.
It turns out, that the proof of this assumption requires an infinitely large spatial volume. For the explicit
proof, see for example [Wei2]. Now, the state |2) can be expanded in the orthonormal basis of the subspace

)= > Q7). (2.93)
Pl

Up to first order in A, Schrodinger’s equation yields

0= > ¢ (Hio — BL57) (2.94)
j=—
in which we defined H;i,,t = (€, i|Hpert|Q2, 7). This equation can be understood as a linear system of
equations for the coefficients c;. The non-trivial solutions of this system require that
HT+ — E(l) HT-
det < p”t7+ @ i pert a | =0. (2.95)
Hpert Hpert - EQ

In order to calculate the zeros of the characteristic polynomial of the above matrix it will be easier to first
consider the matrix elements H'7, ,. To this end, we start with the diagonal elements H It and H .

pert* pert pert
H;_ej:t = (Q,+|prt|ﬁ,+> = <Q»HCLC¢HPGNCLC¢‘Q7+> = *H;_ejt (2 96)
z;;t = <Q7 _|Hpert|Qv _> = <Q, _‘CLcprertC;Cw‘Q, _> = _H;;-:;t s

where we have used Eqgs. (2.90), (2.92) and the fact that the Hamiltonian Hpe, is odd in ¢(z). Obviously,
these matrix elements have to vanish. The off-diagonal elements do not have to vanish in general. Defining
H;‘e:t = Hp_ejt = £, € € R and inserting these results into Eq. (2.95), we obtain Eg) = =+£ and therefore up
to first order in §

Eq=FEq+06E+... . (2.97)

This calculation shows that the degenerate energy levels of the vacua are shifted by € in the presence of an
infinitesimal perturbation which is odd in the field. To zeroth order in §, we obtain the vacuum energies
of |Q,+). Inserting the solutions of Eq. (2.95) into the linear system of equations, we are able to solve
for the coefficients c;. Using the normalization of the vacuum states, we obtain c; = c_ = 1/v/2 for the
eigenvalue € and ¢, = —1/v/2,c_ = 1/y/2 for —€. In order to obtain the vacuum states which diagonalize
the perturbed system up to zeroth order in J, we have to insert these coefficients into Eq. (2.93). It turns
out that these states are given by |2, +). This calculation shows us that an external perturbation drives the
vacuum state of the system into the vicinity of either |, +) or |Q, —). Which of these two vacua is chosen
to be the ”"real” vacuum depends on the form of the perturbation Hpey+.
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2.2.3 The Goldstone Theorem

In the last Subsection we saw that the existence of degenerate vacua is a necessary condition for spontaneous
symmetry breaking. In addition to that, we saw that the realized vacuum state of the physical system is not
a superposition of all degenerate vacua, because such linear combinations are not stable against infinitesimal
external perturbations. It was shown, that such perturbations always drive the system in the vicinity of a
vacuum state which is not a superposition of the two vacua. Therefore, only one of the degenerate vacua
becomes the physical vacuum state. We studied this phenomenon at the level of a simple bosonic quantum
field theory (2.82) with a discrete internal Zs-symmetry (2.83). Now, we want to extend this analysis and
study a system with a continuous internal symmetry. Therefore, we define the vector

F(z) = (1), pa(2))" . (2.98)

With this vector, we are able to construct a two-dimensional extension of the model (2.82). The Lagrangian
of this model is then given by

1 i m2 i A %
L(p1, 02,0001, 0up2) = 5 (Oupi) ("9") = V(01,02) » P (p1,02) = i’ + L (0i!)? . (2.99)
In contrast to the example of the last subsection, we immediately choose the Nambu-Goldstone realization
of the potential density, i.e., m? < 0. The coupling constant ) is again chosen to be larger than zero, so that
the theory is bounded from below. The potential density (2.99) is depicted in Fig. [2.4(b)]. Obviously, this
model is invariant under O(2)-rotations in the internal ¢-space. This transformation is given by

i) 23 Gl(z) = 09 () (2.100)

where (0;;) € O(2). The group O(2) describes the set of orthogonal (2 x 2)-matrices, which contains the
special orthogonal group SO(2) as a continuous subgroup. The specification ”special” arises from the fact
that the elements of SO(2) satisfy det(O) = 1, while in general an orthogonal matrix has a determinant of
+1. The orthogonal group O(2) also contains a Z subgroup. This subgroup is important to realize space
reflections. In general, for the set of orthogonal (N x N)-matrices, we have O(N) = SO(N) x Zs. It is now
easy to show that the Lagrangian (2.99) is invariant under the transformation (2.100)

m2

D y Ao )
L= (0,07 ¢;)(0"Oir") — = (0Y9;)(Oin®) = 5 [(07 ;) (Oinit")]
2

1 - m . A - 9
= 5(3M<Pj)0”0z‘k(8”<ﬂk) - 7%‘Oﬂ()ik<ﬁk 7 [0;07 010" |
1 om? ;A ;
= 5((%%‘)(8“@1) - 7%‘901 - Z(gaigalf , (2.101)
where we used the fact that we consider global transformations, the relation 07'0;, = 5jk, and finally
renamed the summation index k — i. Now, we have to determine the minima of the potential density. The
necessary condition for an extremum gives the following conditions

87/ m2 |
G5 = A [+ (w?ﬂog)] =0,
1 A
A , (2.102)
m
—— =Ap2 | — T+¢3)|=0.
By — P2 [ (e +¢2)]
The above relations are obviously satisfied for
- R 2 2 2 2 m®
Po =0, lpol” = wo = wio+ w20 = N (2.103)

In contrast to the last Subsection, we now obtain an infinite number of extrema, because the second condition
in Eq. (2.103) defines a 1-sphere containing an infinite number of extrema. This situation is depicted in Fig.
[2.5]. As a sufficient condition, we have to check the eigenvalues of the Hessian matrix H¥ (¢1, ¢2) in the
points (2.103). For the first extremum, given by ¢ = 0, we obtain

0 m

H7(0,0) = <m2 02> . (2.104)
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(a) (b)

Figure 2.5: The plots [(a)] and [(b)] show the 1-sphere of minima defined by Eq. (2.103).

Thus, the eigenvalues of this matrix are given by (;/, = m? < 0, so that the vector (0,0)7 points at a
maximum of the potential density. For the second condition of Eq. (2.103) we find

2
#1,0 #1,092,0
HY , =2\ ’ . 2.105
(e1.0,020) (@1,0%,0 3.0 > ( )
Using go%’o + 90%,0 = —mTz, we obtain the following characteristic polynomial
m2
p(¢) =¢ (C + A) : (2.106)

The zeros of this polynomial and therefore the eigenvalues of Eq. (2.105) are given by (; = 0, (o = —m?/\ >
0. Apparently, the Hessian matrix is indefinite, so that we are not able to give a statement about the
extrema. In order to study the properties of the extrema, we note that the potential density (2.99) is only a
function of p? + 3. This is of course not surprising, because the theory is invariant under SO(2) rotations?
in the (41, v2)-plane, compare (2.101). Now, we are able to investigate the vicinity of the extrema, by adding
an infinitesimal radius or

2 2 m? ([ m? X[ m? 2
V(pio+ a0+ 0r) = -5 <)\ + Jr) +7 ()\ + 5r)
2)2
4
=V (10 +¥30) - (2.107)

>_

The above calculation shows that the points in the vicinity of the extrema in the radial direction lie above
them. Obviously, the potential density (2.99) features an infinite number of minima. The condition (2.103)
only fixes the radius on which the minima lie. An infinitesimal external perturbation will now drive the
system into one of the minima, i.e., the perturbation selects the angle on the 1-sphere, describing the
minima of the theory. It is now possible to choose the coordinate system of the internal space in a way that
the selected vacuum is given by the vector

Go = (0,0)" (2.108)

where ¢y = /—m?/\. In analogy to the discussion of Eq. (2.87), we are able to expand our initial fields
around the minimum (2.108) and describe the system in terms of the new dynamical variables

@(x) = (r(x),0(x) + o) . (2.109)

2 As mentioned in the discussion of Eq. (2.101), the whole symmetry group of the theory is given by O(2), but in the
discussion of this subsection, it is sufficient to only deal with the SO(2) symmetry.
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The meaning of the new dynamical variables 7(x) and o(z) will become apparent later. At this point, we
are in the position to rewrite the Lagrangian (2.99) in terms of the new physical fields 7(z) and o(x)

m2 2
ZL(n(x),0(z),0,m,0,0) = %(aﬂf + %(8#0)2 -5 [72 4+ (0 + ¢0)?] — 2 (7% + (0 + ¢0)?]

1 1 1 A

= 5(5‘u7r)2 + 5(8#0)2 — 5(72m2)02 - Z(?T2 +02)2 + Apoo® + Apoom? — (0, o)
1 1 1 A

= 5(5‘u7r)2 + 5(8#0)2 — §m§(72 — 1(71'2 + 02)% + A\poo® + A\pgon? | (2.110)

where we used the relation (2.103), defined the o-mass m, = y/—2m and dropped the constant terms
7(0,00) = (m?/2)p3 + (M\/4)pd, since they do not contribute to the dynamics of the theory. Regarding
the above result, we first notice that the SO(2) symmetry is spontaneously broken. But this observation
was already made in the discussion of the previous Subsection. A new phenomenon is now that only the
radial excitation, i.e., the o-field becomes massive, while the tangential excitation, i.e., the n-field becomes
massless. The appearance of such massless tangential excitations, or strictly spoken, massless particles is a
general result. Those particles will always appear, if a global continuous symmetry is spontaneously broken.
This result is known as the Goldstone theorem which predicts the occurrence of a massless spin-0 boson
with negative parity, denoted as Nambu-Goldstone boson, for each broken generator of the global symmetry
group. It is important to stress that the broken symmetry is a global one. In the case of spontaneously
broken local symmetries, the conserved currents of the internal symmetry group are coupled to gauge fields.
This will result in the so-called Higgs mechanism which will not be discussed in this work. Let us come
back to the discussion of the above calculation and the Goldstone theorem. We saw that the breaking of
SO(2) results in the existence of one Nambu-Goldstone boson. As mentioned above, the number of massless
particles is connected to the amount of broken global symmetries. In order to find a mathematical condition,
which indicates the number of Nambu-Goldstone boson, we will prove the Goldstone theorem. To this end,
we consider a set of real scalar fields ¢,(z), a = 1,..., N, which infinitesimally transform as

a() S5 ¢l (2) = Pa() — iy (T7) et (z) (2.111)

under a certain Lie group G. Here the a; are infinitesimal group parameters. The 77 are (N x N)-
matrix representations of the Ng generators of the Lie algebra of G. We now assume that the classical
action of the theory and the functional integral measure are both invariant with respect to the infinitesimal
transformations (2.111). According to the discussion of Subsection [2.2.1], the quantum effective action is
also invariant under those transformations, if

T[]
dtz T pe(x) =0 . 2.112
[ s B )@ (2112)
Now, from Eq. (2.72) we conclude that the quantum effective action fulfills
T[]
6a(z)

in the absence of classical sources. This shows that for translation-invariant theories, the solutions of Eq.
(2.113) are constant with respect to the space-time variables. In such cases, the quantum effective action
can be written as

=0 (2.113)

L7 = Q7542 (2.114)

where Q denotes the space-time volume. The function Ve;r(@) is the so-called effective potential. This

effective potential has the same symmetries as the potential density at the Lagrangian level, but also contains

the quantum corrections to the classical potential. At this point, it is clear that this proof is also valid at

quantum level. Now, we can insert Eq. (2.114) into Eq. (2.112) and take the derivative with respect to ¢p.

We find 92y oy
i (&

Dondon (T7)ac” + Do

(THr=0, (2.115)

where we used dp°/dp, = 6 in the last term. If we now evaluate Eq. (2.115) at the vacuum expectation
value ¢ of the theory, the second term in the above relation vanishes, because the first derivative of the
effective potential with respect to the fields is equal to zero at the minimum. Therefore, we are left with

0%y

= T 0 =0 . 2.116
6@1)6@@ ¢’=¢‘0 ( ) QOO ( )
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This equation has two types of solutions. On the one hand, it is possible that the vector T 50 vanishes.
This happens exactly , when there is a number of generators T7, j = 1,..., N, belonging to a subgroup
H C G of the initial Lie group G, which annihilate the ground state, i.e., leave the vacuum state invariant.
On the other hand, if the vector 77 ggo does not vanish, it is possible that this vector is an eigenvector to the
matrix of the second derivatives of the effective potential with the eigenvalue zero. In this case, there is a
set of generators 77, j = Ny +1,..., Ng, which do not leave the vacuum state invariant. These generators
do not belong to the subgroup H, because otherwise we would obtain the first case. Each of those broken
generators is associated with a Nambu-Goldstone boson, because the T7 ng must be linearly independent. In
other words, the number of Nambu-Goldstone bosons arising from spontaneous symmetry breaking of a Lie
group G down to a subgroup H is given by the difference Ng — Np, or strictly spoken, by the dimension of
the coset G\H.

We are now able to check the Goldstone theorem at hand of the example of the SO(2)-symmetric model
(2.99). In general, there are N(NN — 1)/2 generators, belonging to the Lie algebra so(N) of SO(N). This
can be seen by considering the properties of the elements of SO(N). The condition O% Ojr = 0%, gives N
equations for ¢ = k. In the case i > k, we additionally obtain Zfill I = N(N —1)/2 equations, according to
the upper triangle in the (N x N)-matrix. Therefore, we finally obtain N2— N — N(N —1)/2 = N(N —1)/2
independent parameters, each of them associated with a generator of SO(N). Using this relation, we find
only one generator for SO(2). In our model the SO(2) symmetry is completely broken, therefore we have
Ng =1 and Ny = 0, so that we expect 1 — 0 = 1 Nambu-Goldstone boson. In the above discussion, we
emphasized that the broken generators do not leave the vacuum invariant. We are now able to check this
statement in our example. The generator of SO(2) is given by

T = <(2 _02> . (2.117)

Using Eq. (2.108), we then obtain

TGy = (? Oi) (;()) =i (%0> 40, (2.118)

so that we have to require that T'@, is indeed an eigenvector of the mass matrix with eigenvalue zero.

In order to complete this Subsection and therefore the discussion of the Goldstone theorem, we want to
come back to Eq. (2.116). Due to the Eqs. (2.73) and (2.114), the matrix of the second derivatives of the
effective potential must be related to the proper two-point function Fﬁ). In addition to that, we can use
Egs. (2.67) and (2.72) to find

4 o 5<Pa(37) _ 4 &Pa(i’?) ‘Uc(y) _ 4 52W[j] 521—‘[‘5]
0= = o = [ S = | Y s e . 219

When we now study this relation at J = @ =0, we obtain
_ i/d4y G((IZC),cmmected(x’ y>1—\(2),cb(y,z) — 5@!15(4) (CL’ _ Z) ) (2.120)

This relation tells us that the proper two-point function is just the inverse of the connected two-point
function. Then, the matrix of the second derivatives of the effective potential with respect to the constant
fields is, up to a Fourier transform, proportional to the inverse momentum-space Feynman propagator with
vanishing momentum (A%)~1(p? = 0). According to the discussion of Eq. (2.116) the vector T ¢, must be
an eigenvector with eigenvalue zero for each broken generator. From the existence of such an eigenvector, it
follows that the momentum-space propagator A®(p) has a pole of rank r in p?> = 0. Now, the rank of this
pole is given by the dimension of the space containing the 79 (,2;0, which is just the dimension of the coset

G\H.

2.3 Quantum Chromodynamics

In the middle of the sixties about 100 elementary particles were found in various experiments. Due to this
large amount of different particles, physicists were sure that those particles cannot be fundamental. In
1964 Gell-Mann, Ne’eman, and Zweig independently introduced a classification scheme for those so-called
hadrons. They suggested that the substructure of the hadrons is given by three fundamental particles, called
quarks. In the mathematical framework of this classification scheme, the up, the down, and the strange
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quark form an irreducible representation of the so-called SU(N; = 3)y flavor symmetry.® In the basis of
strong isospin T3 and hypercharge Y, the Hilbert-space vectors of those three quarks are given by

11 11 2

) =T3Y) =153), ld)=l-53), lss=10-3). (2.121)
With this fundamental triplet and the anti-triplet, formed by the corresponding anti-quarks, it is possible to
classify the known hadrons into multiplets of SU(Ny = 3)y. The physical mesons, regarded as gg-states in
this picture, form a singlet and an octet under SU(Ny = 3)y. The ggg-states, denoted as baryons, form a
singlet, two octets, and a decuplet under SU(N; = 3)y. The underlying interaction of quarks and therefore
of all mesons and baryons, i.e, of all hadrons is the strong interaction. Today we know that in addition to the
three light quarks there exist three heavy quarks. These quarks are called charm, bottom, and top quark.
A summary of all six quark flavors is given in Tab. [2.1]. We also know that quarks have an additional

’ Generation \ Flavor \ Mass [GeV] \ Qle] \ Y \ J \ B \ S \ C \ B’ \ T ‘
I ur,u97u: (2.3757) - 10:3 2/3 | 1/3 [1/2]1/3] 0 [0] 0 [0
dr,d?,d (4.87932) 1073 —1/3 ] 1/3 [1/2[1/3] 0 [0 0 [0
1 &9, P 1.275 + 0.025 2/3 | 4/3 [1/2]1/3] 0 [ 1] 0 [0
5", 59,50 (95£5) 103 —1/3 | —=2/3 12 [1/3 =1 0] 0 |0
- 9,60 | 173.07£052+£0.72 | 2/3 | 4/3 [1/2]1/3] 0 [0 ] 0 |1
b, b9, b0 4.66 £ 0.03 —1/3 | —2/3[1/2[1/3] 0 [0 -1]0

Table 2.1: The quantum numbers listed are: (Q = electric charge, Y = hypercharge, J = total angular
momentum, B = baryon number, S = strangeness, C' = charm, B’ = bottomness, T' = topness. The quark
masses and the quantum numbers are obtained from Refs. [PDG], [RQM2].

degree of freedom, called color. The introduction of this further quantum number became necessary, when
experimentalists discovered the A** baryon. This baryon has quantum numbers I(J) = %(%ﬂ and
hypercharge Y = 1. Using Eq. (2.121) it is evident that the A™T baryon consists of three up quarks, which
leads to a symmetric wave function in flavor space. In addition to that, all spins of the three up quarks
are added up to S = %, which forms a symmetric wave function in spinor space. Finally, from S = J = %
follows that the angular momentum of A** is given by L = 0, which results in a symmetric spatial wave
function, so that the total wave function Wa++ = Yspace @ Vspin @ Vfiavor is also symmetric. But this
result is in contrast to the spin-statistics theorem which tells us that the wave function of a fermion must
be antisymmetric. In order to resolve this contradiction Greenberg, Han, and Nambu introduced color as an
additional degree of freedom for quarks. The three fundamental colors® red, green, and blue form a triplet
under the SU(N¢ = 3)¢ color group. With this additional degree of freedom, the wave function of the

hadrons must be modified by a wave function in color space, so that

\I]hadron = wspace & ¢spin & wflavor & wcolor . (2122)

Fortunately, it turns out that the wave function associated with the singlet in color space is antisymmetric.
Therefore, the total wave function of AT+ becomes antisymmetric and the contradiction with the spin-
statistics theorem is resolved.

In the early seventies, the theory of strong interactions, Quantum Chromodynamics (QCD), was formu-
lated in a similar way as Quantum Electrodynamics (QED). But, instead of using an abelian gauge group,
as U(1)en, in QED, one used the non-abelian gauge group SU(N¢ = 3)¢. In the upcoming subsections, we
want to study the basic properties of Quantum Chromodynamics. Therefore, we start with the construction
of the QCD Lagrangian by using the gauge principle. Then, we introduce the so-called chiral symmetry
of QCD and the related conserved currents. Finally, we will see that the observed hadron spectrum is not
realized as irreducible representations of the chiral group, but of its flavor subgroup SU(Ny)y. From this
observation we shall conclude that the chiral symmetry of QCD must be broken spontaneously down to its
flavor subgroup.

2.3.1 Quantum Chromodynamics as SU(N¢)c Gauge Theory

In order to construct the Lagrangian of Quantum Chromodynamics, we start with the Dirac Lagrangian,
describing the dynamics of a free fermionic field. This Lagrangian is given by

gDirac = ¢($) (z'y”au - m) 1/J(m) ) (2123)
3Later we will see that SU(Ny = 3)y is a subgroup of the so-called chiral symmetry.

o(ete” —hadrons)

oeFe—onFi) ratio of the cross

4 The existence of three colors is experimentally verified, e.g. by measuring the R =

sections in et e~ annihilation processes.
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where the # denotes the usual Dirac matrices in spinor space, compare App. [6.1.3]. The fermionic field
¥(x) is given by a Dirac spinor, i.e., a four-component object, transforming under Lorentz transformations
as a (1/2,0) ® (0,1/2) representation of the Lorentz group. In the introductory discussion of this section,
we saw that the quark fields have additional degrees of freedom, given by flavor and color. Therefore, the
fermionic field ¢ (2) must be modified in a way that it represents a Dirac spinor in spinor space, a (Ny = 6)-
vector in flavor space, and a (N¢ = 3)-vector in color space. In the following this quark field will be denoted
as W(xz). Then, the Lagrangian (2.123) becomes

Lowark = V() (iv"0, —m) ¥(z) . (2.124)

At this point we have to notice that the (4 x 4) mass matrix m in Eq. (2.123) becomes a (4NyN¢ x 4N;N¢)
matrix in the above equation. Also the first term in the Dirac operator is modified by unit matrices acting
in flavor and color space. As mentioned before, the quark and anti-quark fields ¥ () and ¥ ;(z) correspond
to a triplet [3]¢ and an anti-triplet [3]¢ in color space. Therefore, the complex quark vector for an arbitrary
flavor can be written as

V()

Up(x) = | Yygla) | - (2.125)
Up(2)

The quark fields ¥(z) and ¥(x) transform in the fundamental representation of SU(N¢)c, i.e., they trans-
form as

w(z) " W (2) = UpW(z) = e W (a), 2.126
7 SU(N¢g)e =, _ 1 = A, T (2. )
U(z) G () = U(a) U], = T(a)e™T"

where A,, a = 1,...,N% — 1, are the group parameters and the T* are the generators of SU(N¢)c
These generators are defined as T = A\%/2, where A* denote the usual Gell-Mann matrices. Furthermore,
they are orthogonal in the sense that Tr(7%T?) = §%°/2 and fulfill the Lie algebra su(N¢)c of SU(N¢)c,
[T, T"] _ = if*®T°. Now, the Lagrangian (2.124) is invariant under the global rotations (2.126) in color
space

Loyuare = V() (i4"8, —m) ¥' ()
= U(x)e iraT" (iv* 0y — m) e_iA“Ta\Il(x)
= U(z) (iv"9, — m) ¥(z) = Louark » (2.127)

where we used Ug Uc = 1n.xn. and the fact that all objects in the Dirac operator, which act on color space,
are proportional to the unit matrix 1y, xn. and therefore commute with Uc. In the next step, we require
the Lagrangian .Zgqyqrr to be invariant under local rotations in color space. To this end, we modify the
group elements of SU(N¢)e by a space-time dependence, such that A, — A,(x) V a. Now, the invariance of
ZQuark under local SU(N¢)¢ rotations, i.e., SU(N¢)c transformations with space-time dependent group
parameters, would allow us to pick different group parameters at different space-time points in Minkowski
space without changing the physics which is described by -Zuqrk. It is quite obvious that this requirement
is much stricter than the invariance under global SU(N¢)¢ transformations (2.127). The transformation
behaviour of the quark fields (2.126) is then given by

U (z) SUNg)e U (x) = Uo(z)¥(z) = e Ae@T g (g), (2.128)
(o) N (2) = B(@)UL (@) = ()T |
so that the Lagrangian (2.124) transforms as
L= (@) (78, — m) V'(z)
_ \ij(z)eiAa(z)T [ (5. e—iha(@)T" ) 1 e tha(@)T 17“8 _ esza(x)T”'m} U(z)
= U(2) (i7" — m) V(@) + V(x)7" [0 Ao (@) T*¥(2)
= LQuark + 0-LQuark (2.129)

under local SU(N¢ )¢ transformations. Obviously, the Lagrangian is not invariant, because the derivative in
the Dirac operator causes an additional term 0.£Qyqerk. In order to compensate this term, we introduce an
SU(N¢)c gauge field @ = AT which transforms under SU(N¢ )¢ rotations in a way that the additional
term in Eq. (2.129) is compensated. The actual transformation behaviour of &/# is given by

SU(N¢)e

o, o = Ue () U (x) - 2 10,Uc ()] Ul (a) - (2.130)
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This gauge field is now introduced into the Lagrangian (2.124) by minimal coupling, i.e., we introduce a
covariant derivative
D, =0, —igd, , (2.131)

which transforms in the adjoint representation of SU(N¢)c

D, — D), =9, —ig {Uc(x)%Ug(x) - é 0,Uc ()] Ug(a;)}
= 0y + [0,Uc(2)] UL (2) + Uc(2)0,UL () — igUc () ,UL(2) — [0,Uc ()] U (x)
= Uc(2)(9y — ig#,) UL (x)

= Uc(z)D, UL (z) (2.132)

and replaces the ordinary 4-gradient. Note that we used 0 = 0, {Uc(l')Ué(iL') = [0,Uc(z)] Ué(x) +

Uc(z)0,U, g(x) in the second line of Eq. (2.132). With this covariant derivative, the new minimally coupled
Lagrangian is given by -
Louark = V(x) (iv* Dy —m) ¥(x) . (2.133)

Equation (2.133) is now invariant under local SU(N¢ )¢ transformations
Louarr, = V' (x) (i7" D), — m) ¥'(x)
= (@)U (@) (7" Uc(@) DuU (w) = m) Uc () ¥ ()

= ¥(z) (iv"Dy —m) ¥(x)
— Zowars | (2.134)

where we used the same properties as in Eq. (2.127). The new gauge fields @/* = A#T?, introduced in
Eq. (2.131), are associated with the gluons. According to the definition of &/*, the Lagrangian (2.133)
contains a = Ng — 1 = 8 gauge boson fields A# and therefore eight gluons. This number of gauge bosons is
not surprising, because the gluonic fields correspond to the adjoint representation of SU(N¢)e and builds
therefore an eight-dimensional irreducible representation [8]¢ of the color group. Finally, we have to add
a kinetic term for the gluon fields to Eq. (2.133). Analogously to Quantum Electrodynamics, this term is
given by the square of the field-strength tensor associated with the gauge fields. This field-strength tensor
is in general defined as the commutator of the covariant derivatives (2.131). One finds

M e

Qs Q=

= — (O —i99,,) (0y — ige,) — (Oy — ig,) (O, — i9%),)

= é {8N6V —ig9(0u ) — 19,0, — 19,0, — 92,%427,, — [ayau —i9(0y),) — 19,0, — 1994,0,, — 92,527,,,527“]}
= Oy, — Oy, —ig |, ,]_ . (2.135)

The above equation gives the matrix form of the Yang-Mills field-strength tensor. Using the Lie algebra of
SU(N¢)e and the definition of the gauge fields, the Yang-Mills field-strength tensor can be written as
Fup = 0,9, — 0,99, —ig ), H,]_
= 0,ALT, — 0, AST, —igAb A5 [T, Te)
= 0, AT, — 0L AT, + gbeaAZAﬁTa
= (0, A% — 0, A% + gf 5. AL AS) T,
— FﬁyTa , (2.136)

where we used that the SU(3) structure constants are totally antisymmetric, i.e., f,.* = —f;% = f$.. A
gauge-invariant kinetic term for the gluonic fields is then given by

1
D%Gluon = 7§TI‘ (%Lujl“/) . (2137)
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Using Egs. (2.132) and (2.135) it is easy to show that (2.137) is indeed gauge invariant

=
=2
AN
N
=
\_E

/ _
"gGluon -

' (D,,D)] [D’“, D”’]_)

| Il
| |

N = N = N =
5 3

Qs Q.

Uc(@) (D, D] Ubla) HUc(z) D%, D] Ué<x>)

Il

|
N —
!
3
]

)

=
-

= D?Gluon 5 (2138)

where we used the cyclic property of the trace. Finally, the Lagrangian of Quantum Chromodynamics is
given by the sum of Egs. (2.133) and (2.137), so that

ZLocp = —%Tr (F s F") + ¥(x) (iv"D,, — m) ¥(z) . (2.139)

When we look at Eq. (2.136), we see that the Yang-Mills field-strength tensor has an additional term which
is proportional to two gluonic fields of the colors b and ¢. This term is of course a consequence of the non-
abelian nature of the gluon fields and therefore of the non-abelian gauge symmetry of QCD. This additional
term ensures that the gluonic term (2.137) does not only consist of a kinetic part for the gluons, but also
includes gluon self-interaction terms. Starting from Eq. (2.137) and using Eq. (2.136), we obtain

1
—5 T (Fu P = Yy FYTe (T,T%) = —7F“ Fr

2 g preoa
=-1 {(aﬂAﬁ — 0,A%) (0" AL — 0" Al) + (0, A% — 0,A%) gf 2 AL AY
+ gf§ AL AS (0" AL — OV Al) + g f4 . f. 1 AL A AL AY )
= —%auAg (O AY — v Ary — 9 T (AL A AL - 0, A5 A AY]
+ fhe [ALADOMAL — AL ATV AL} — Zf‘chadeAZAiA’;Ag . (2.140)

Now, all terms proportional to the gauge coupling constant g can be summarized by renaming the Lorentz
and the color indices and using the fact that the SU(3) structure constants are totally antisymmetric. Finally,
we find

1 v 1 a v v c a v 92 a e c v
- §TI' (yll«l/yu ) = _§8MAV (auAa -0 AZ) - gfab (aﬂAu) AgAc - Zfbcfad AZAVAZAe . (2141)

The first term in the above equation corresponds to the free inverse gluon propagator, the second and the
third term correspond to three- and a four-gluon self-interaction vertices. These terms are a consequence of
the non-abelian gauge group SU(N¢ )¢ and therefore a feature of all Yang-Mills theories. It turns out that
these gluonic self-interaction terms are the main reason for a phenomenon called asymptotic freedom. This
means that the interaction of quarks and gluons at high energies or small distances becomes weak. Figure
[2.6] shows all interaction vertices resulting from Eq. (2.139). Finally, it should be taken into account that

(a) (b) (c)

Figure 2.6: Figure [(a)] shows the interaction vertex between quarks and gluons. This vertex results from the covariant
derivative in Eq. (2.139). Figures [(b)] and [(c)] show the three- and four-gluon interactions which follow from the Yang-Mills
part of the QCD Lagrangian (2.141). Note that the derivative coupling of the gluonic field in the three-gluon vertex will cause
a momentum dependence of this vertex. Furthermore we recognize that the four-gluon vertex is of order O(g?) in the gauge
coupling constant.

the second quantization of the Yang-Mills fields requires the appearance of another term .Zqyge in the QCD
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Lagrangian. The necessity of this term comes from the fact that the gluonic fields have an additional degree
of freedom which is given by the gauge transformations. This additional degree of freedom can be eliminated
by adding a term which includes a constraint on the gauge fields. In the functional integral formulation
of QCD, this gauge fixing is obtained by the method of Faddeev and Popov. This method introduces a
new artificial field whose particle excitations are called ghosts or Faddeev-Popov-ghosts. The name ”ghost”
arises from the fact that the ghost fields are anticommuting Grassmannian fields, but transform in the (0, 0)-
representation of the Lorentz group, i.e., they transform as scalar particles, but obey Fermi-Dirac statistics.
Further, it may happen®, that the ghosts couple to gluons, resulting in a ghost-gluon vertex which also has
to be taken into account in calculations. This ghost-gluon vertex is depicted in Fig. [2.7].

Figure 2.7: Ghost-gluon interaction vertex.

2.3.2 The Chiral Symmetry of Quantum Chromodynamics

In the last subsection, we saw that the Lagrangian of QCD can be obtained by using the gauge principle,
i.e., by promoting a global SU(N¢ )¢ symmetry to a local one. This gauge symmetry is of course the most
important symmetry of QCD, because it determines the structure of the Lagrangian and therefore the types
of possible interactions. However, the Lagrangian (2.139) also contains important global symmetries. The
most important one is the so-called chiral symmetry. In order to introduce this symmetry, we consider the

following operators
1Fs

2 9,
where 75 = i7%y19%~3, compare App. [6.1.3]. These operators are referred to as left- and right-handed

projection operators. The designations left- and right-handed come from the fact that these operators project
the ultrarelativistic positive and negative energy solutions of the free Dirac equation onto the positive and
negative helicity eigenstates. Furthermore, in this zero-mass limit, helicity is equal to chirality. In addition
to that, the relations

PL/r = (2.142)

PrPL=PrLPr=0, Pa=Pr, P:=Pr, Pr+PrL=1lixs (2.143)

show that these operators are indeed projection operators. Using Eq. (2.142), it is possible to decompose
the quark fields ¥(z) and ¥(x) into their left- and right-handed components

U(z) = (PL+ Pr)¥(2) = Vp(z) + Vr(z), U(z)=V(2)(Pr+PL)="Vr(z)+ Ur(z). (2.144)

This approach can be applied to the fermionic part of the QCD Lagrangian (2.139). One finds

Luark = V(@) (iv" Dy — m) ¥(z)
= U(z)(PL + Pr) (iv*D,, — m) (Pr + Pr)¥(x)
= Uy (2) (iv" Dy — m) U (z) + Ur(z) (V" Dy — m) Ur(z) + Vi (2) (iv" Dy — m) Up(z)
+ Wg(x) (v Dy —m) Uy (x)
= U (2)iv" D,V () + Ur(z)iv" D,V () — U (2)mVUg(z) — Ur(z)m¥y(z) , (2.145)

where we used in the last line that the other four terms vanish because of Eq. (2.143). In detail, we used
that

\I/L/R(x)m”D \IIR/ ( ( )’PR/LZ’YMD PR/L\I/( ) (LC)'PR/L'PL/RZ"}/MD“\I/(LC) =0 5

) =
Uy p(x)m¥y p(c) = U(a)PrmPrp¥(z) =0, (2.146)

where we used the definitions (2.142), (6.29), and the fact that the projection operators project onto or-
thogonal subspaces, i.e., the first relation in Eq. (2.143). It is obvious, that the mass term in the QCD
Lagrangian mixes the left- and right-handed quark fields, while the derivative term separates the quark fields

5 The coupling of the ghosts to physical particles depends on the chosen gauge.
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of opposite chirality. In the following discussion, we start with the case of vanishing quark masses, m = 0.
Then, the quark part of the QCD Lagrangian becomes

Louvark = \IIL(x)iv”DH\I/L(x) + \IIR(gc)M“DH\I/R(x) . (2.147)

In the above Lagrangian, it is possible to rotate the left- and right-handed quark fields separately in flavor
space. Therefore, the symmetry group of the Lagrangian (2.147) is given by U(Ny)r x U(Ny)g. This global
symmetry of the QCD Lagrangian in the chiral limit, i.e., the limit m = 0, is called chiral symmetry. In
general, the group of unitary (N x N)-matrices U(N) can be decomposed into the direct product of two of its
subgroups. One of these subgroups is given by the unitary group of (N x N)-matrices with unit determinant,
SU(N). The other subgroup is given by the group of complex phase transformations U(1). Therefore the
group of unitary (N x N)-matrices can be written as U(N) = SU(N) x U(1). Now, it is possible to write
the chiral symmetry group as U(Ny)r, x U(Nf)r = SU(Ns)r x SU(Nf)r x U(1)r, x U(1)g. The elements
of U(N¢)r, and U(Ny)g are given by

Upp=e "t/nTe a=0,... . N? -1, (2.148)

In the above equation, we used that the generator Ty of U(l)L/R is proportional to the (Ny x Ny) unit matrix
In;xn;- The possible proportionality constant of this generator can be absorbed in the group parameter
a%/R. For a = 1,...,N7 — 1, we have the usual SU(Ny) generators T, = A,/2, where ), denote the
(Ny x Ny) generalizations of the Gell-Mann matrices. These generators are orthogonal in the sense that
Tr(T°T") = 6°°/2 and also satisfy the SU(Ny) Lie algebra, [T¢,T%] = if®.T°. Note that the previously
mentioned proportionality constant in T is chosen in way that the orthogonality relation is also fulfilled for
the whole set of U(Ny) generators. Now, the left- and right-handed quark fields transform as

U(Ny) oo
Uy p(z) =" Tr(@) = ULV p(z) = e LmteW pe) (2.149)

while the Dirac-adjoint fields transform as

Uy r(2) Vg Uy p(x) = U p(2)U] = U p(a)e’ et (2.150)
where we used that the generators of unitary groups are hermitian and that the group parameters are real.
According to Noether’s theorem Sec. [2.1.2], the invariance of Eq. (2.147) under the chiral rotations (2.149)
and (2.150) implies the appearance of 2Nj% conserved Noether currents. Two of these currents are associated
with the left- and right-handed phase transformations U(1), x U(1)g, the remaining 2(N7 — 1) arise from
the SU(Ny) x SU(Ny)g symmetry. For the calculation of the conserved Noether currents (2.21) we need
the infinitesimal forms of Eqs. (2.149) and (2.150). These infinitesimal forms can be obtained by expanding

the left- and right-handed rotations (2.149) and (2.150) up to first order into a Taylor polynomial
Up/r¥1/r(z) = Vi p(z) —iaf  gTa¥/r(x) = ¥ r(z) + 0¥ R(2) , (2.151)
U @)U~ Upp(@) + Upp(@)ia] gTa = Vip(@) + 0 p(x) - .

Using the above formulas, Noether’s theorem (2.21), and the Lagrangian (2.147), the conserved left-handed
current becomes

0L0ovark - 0L0uark
Ju _ Quar SU 5T Q’lﬁa’!
A R T T
— ,000\YL) .
= Ui~ (—iat T, U
Yy 5(3M\I/L) ( L L)
=V i T,V
= a%JL’iL , (2.152)

where we used that the partial derivative of the Lagrangian with respect to 6,}1’ 1, vanishes. The right-handed
current can be obtained by a similar calculation

= \TJR’}/‘U'O/IRT(L\I’R
=apJl . (2.153)
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Fora=1,..., N]? —1, the NJ% —1 left-handed currents transform as a (NJ% —1,1)-multiplet under SU(Ny)p, x
SU(Ny)g transformations, while the NJ% — 1 right-handed currents transform as a (1, NJ% — 1)-multiplet. Of
course, the above currents are conserved, because they follow from the exact symmetry of Eq. (2.147) under
the chiral transformations (2.149) and (2.150). The conservation of the left- and right-handed currents
(2.152) and (2.153) can also be checked explicitly

0% wark — ag@uark
o, J¢, . =0 {Q(NJ +0U }
HOL/R 9(0,¥L/r) bR L/Rﬁ(ﬁu‘l’L/R)
ag@uarh agQuark ag@uark = az@uarh
= o 7 (0u0¥ + (Ou ov o —
vy, LR N0V )( £/R) + L/R)a(ﬁu‘l’ p) | OVHE ViR

= —ig‘i’L/RW'\W/\a%/RTa‘I’L/R + U py" (au&aL/RTa‘I/L/R> - @L/Ra%/RTa'}/)\(a)\ —ig\)V /R
=0, (2.154)
where we used the Euler-Lagrange equations (2.8) for the left- and right-handed quark fields. It is convenient
not to consider the left- and right-handed conserved currents J* LR but linear combinations of them. The
so-called vector current is defined by the sum of Eqgs. (2.152) and (2 153)
J;V:Jg, J R—\I/L’}/'MT\I/L—{-\I/R’}/‘“T \I’R
= UPry T, PLY + UPLA T, Pr¥
1 1
= 0 T+ T,
= Uy' T,V , (2.155)
where we used Eq. (2.143) and the anticommutator relation (6.29). This current is called vector current,
because it transforms as a vector under Lorentz transformations. We shall come back to this point in a

moment. By taking the difference of Egs. (2.152) and (2.153) we obtain another structure with distinct
transformation behavior under Lorentz transformations

Jia=Jdin—JuL = Upy'T, U — VA T, 0,
= UPLAPT,PRY — UPrA T, PL

1 1
— T 275 HTW — T “;75 nTL W
= UnlysT, U | (2.156)

where we used the same methods as before. This current transforms as an axial-vector under Lorentz
transformations, so that it is referred to as axial-vector current. Now, we can check the transformation
behavior of Eqgs. (2.155) and (2.156) explicitly. Under spatial reflections, the quark and anti-quark fields
transform as

U(t,r) 70Ut —r),  T(t,r) - T(t,—1r)7° . (2.157)

Then, the vector current transforms as

Ta (t1) =5 T (1) = U (1, —m VT Ut )
(—=1)"WW(t, —r)y T, U (¢, —x)
= (=)Wl (t, 1), (2.158)
where we used the anticommutation (6.28) satisfied by the Dirac matrices. We have to note that the factor
(—1)®™ is not a tensorial structure, so that (1) does not describe a Lorentz index. This factor is defined to
be equal to 1, if (1) = 0 and to be equal to —1, if () = 1,2, 3. Obviously, the vector current (2.155) actually

transforms as a vector under parity transformations. Now, we consider the transformation behavior of the
axial-vector current

TE () s T (8 1) = Ut —r)n s Ty U (t, —)
= _(_1)(#)@(t7 _r)’y#’YSTa\P@a —I')
= —(—1)(“)J[’1‘7A(t, —r), (2.159)

where we again used the anticommutation relations [y#,7”], = 2¢g"" and [y*,75], = 0. We recognize that
this current truly transforms as an axial-vector under parity transformations. These ZN? currents correspond
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to the symmetry group U(Ny)y xU(Ny)a = SU(Ny)y x SU(Ny)a xU(1)y x U(1) 4, which is isomorphic to
the chiral group U(Ny)r X U(Ny)r = SU(Ns)r X SU(Nf) x U(1)g x U(1)r,. The vector and axial-vector
transformations are given by

Uyja =e “ViaTe q=0,...,N} -1, (2.160)

where of, = a% + af and a9 = a% — af. It turns out that the axial-vector symmetry is explicitly broken
by the quark mass term. To study the reason for this phenomenon, we will now consider the full QCD
Lagrangian (2.145). It is obvious that the left- and right-handed currents will not change by the presence
of the mass terms. Therefore, the vector and axial-vector currents will also stay the same. But, not all of
these currents will be conserved anymore, because the mass terms will now add a contribution. In order to
see this, we start with the divergence of the left- and right-handed currents. For the left-handed currents,
we obtain

0L Ouark 5T, 1 0L uark 33@1517% 3$Quark
oV 9(0,91) 9(0,91) vy,
- [g\IlLv’\%,\ — @Rm] (=)ol TV + \i/Li’y)‘gA“(—i)aaLTa(?M\I/L +iV s T, [i’y’\DA\I/L - m\IIR]
= iVrmai T,V —iVaiT,mVr
=afi (\T/RmTa\I/L - \I/LTam\I/R)
=a70,J} 1 (2.161)

] = (0,09 1) + (@L(S\T’L) +60;

where we again used the Euler-Lagrange equations (2.8). Similarly, we obtain the 4-divergence of the right-
handed currents

b GG (050 )+ (08 ) GO 5 O e
= [gUry ) — Upm| (=)o} TV g + Ui g (—i1)a g T.0, VR + iV rah T, [iv* DAY — m¥ ]

=1V rmaRT,Vr — iVgaEpT,mYy

= a%i (@LmTa\I/R — \IIRTam\IJL)

= ah0,Jl - (2.162)

Bt =

Now, using the results (2.161) and (2.162), we are able to calculate the 4-divergences of the vector currents

6MJ5,V = au (Jf;,L + J:R)
=i (UrmT, ¥y — U T,mUR) +i (¥pmT, Vg — VpT,mV¥y)

-1
i, Ta)_ W+ i

[m, T,]_ ¥
=iW0[m,T,]_ ¥, (2.163)
and the 4-divergences of the axial-vector currents
OuTta =0 (T = Th 1)
=1 (\i/LmTa\I/R - ‘i/RTam\IIL) —1 (\ImeTa\I/L - \TJLTam\I/R)

=1 +5 1T -5
2 2

=¥ \

[ma TaL— v — Z\TI [ma Ta]

+
=iV [m, T,], 4V (2.164)

where we used the relations (2.143) and the definitions of the left- and right-handed fields (2.144). In the
above equations, we only used the currents J fj ;, and J f; pWithout group parameters. These equations require
that a% = af. But, if we take equation (2.160) into account, we see that this requirement leads to vanishing
group parameters for the axial-vector transformations. This fact shows that the symmetry of Eq. (2.145)
under vector transformations is explicitly broken by the quark mass terms.

Now, we are able to discuss the results (2.155), (2.156), (2.163), and (2.164). To this end, we start
with the vector currents (2.155), which follow from the invariance of Eq. (2.145) under SU(Ny)y x U(1)v
transformations. It is obvious that those currents are only conserved, if the commutator [m,T,]_ in Eq.
(2.163) vanishes. In general, there are only three cases in which this commutator can be equal to zero:

(i) The quark mass matrix vanishes,

(ii) The generators are proportional to the (Ny x Ny) unit matrix,
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iii) The quark mass matrix is proportional to the (Vs X N¢) unit matrix.
f f

Case (i) corresponds to the chiral limit of the QCD Lagrangian. We already studied this case in Eq. (2.147)
and the following discussion. We showed that this case leads to conserved currents, because in this limit the
chiral symmetry becomes an exact symmetry of the QCD Lagrangian, compare Eq. (2.154).

Let us come to the second case (ii). This scenario is only satisfied for the generator Ty of the U(1)y
transformations. As mentioned in the discussion of Eq. (2.148), the remaining NJ% — 1 generators are
proportional to (N; x Ny) generalizations of the Gell-Mann matrices and are therefore not proportional to
the identity in flavor space. Obviously, the vector current

Ty = W@ () . (2.165)

originating from the U(1)y transformations, is always conserved. A conserved charge of this form is well
known from the Dirac theory. The corresponding conserved charge Qo v is given by the baryon number.

Now, we turn to the last case (iii). This case is obtained by the assumption that all quark masses are
equal. Then, the mass matrix becomes proportional to the unit matrix in flavor space, i.e., (m;;) — m(d;;).
The U(Ny) generators will, of course, commute with the unit matrix and we obtain NJ% conserved currents.
In nature, the assumption of equal quark masses is only legitimate in the light quark sector, see Tab. [2.1],
where the differences of the quark masses are negligible in contrast to a typical hadronic mass scale. If we
just consider the two lightest quark flavors, up and down, the assumption of equal quark masses is very well
satisfied, because the difference dm = mg — m,, is small compared to a mass scale of myg ~ 1 GeV. This
leads to the so-called SU(2)y isospin symmetry of strong interactions. If we also include the strange quark,
the mass differences dmg, = ms; — m, and dmgqy = ms — my become larger than in the isospin case. But
in comparison with the 1 GeV scale, these differences are of order 10%, therefore this SU(3)y symmetry is
also approximately fulfilled. This leads to the so-called flavor symmetry introduced by Gell-Mann, Ne’eman,
and Zweig. We will come back to this scenario later.

For the moment, we turn back to the axial-vector currents. According to Eq. (2.164), the divergences of
the axial-vector currents are proportional to the anticommutator of the quark mass matrix and the U(Nyf)a
generators. In order to obtain conserved axial-vector currents, this anticommutator has to vanish. In general,
this is only possible, if the quark mass matrix is equal to zero. Therefore, we conclude that the axial-vector
currents are only conserved, if we consider the QCD Lagrangian in the chiral limit, m = 0. But this
statement is only valid, when we consider the QCD Lagrangian (2.145) at the classical level. At quantum
level, the U(1) 4 symmetry is never conserved as a consequence of non-perturbative quantum effects. Such a
symmetry which is only present at the classical level and disturbed at the quantum level is called anomaly.
Therefore, at quantum level, the full symmetry group of the QCD Lagrangian in the chiral limit is given by
SU(Ny)y x SU(Ng)a x U(1)v-

At the end of this section, we want to discuss the SU(3)y flavor symmetry of QCD. To this end, we
only consider three flavors QCD. As mentioned above, the masses of up, down, and strange quark are small
compared to a hadronic mass scale of ~ 1 GeV, so that the QCD Lagrangian exhibits an approximate
SU3)y x SU(3)4 x U(1)y symmetry. But then, this symmetry is also present in the QCD Hamiltonian, so
that Hocop commutes with the charge operators Qg v,Qq,4 and Qo v, a = 1,...,8, acting on the Hilbert
space of the system. Now, the vector and axial-vector charges have opposite parity, compare Eqs. (2.158)
and (2.159). Thus, the commutation relations of Qq,v and Q. 4 with Hgocp imply the existence of degen-
erate states with positive and negative parity, but with equal baryon number, strangeness, and spin. This
phenomenon of parity doubling is not observed in the hadron spectrum.

A second interesting point is that, due to the symmetry of 5o p, we would expect that the light hadrons
can be arranged into irreducible representations of SU(3)y x SU(3)4 x U(1)y. As stated previously, the
U(1)y symmetry corresponds to the conservation of baryon number. This conservation law implies that the
obtained multiplets can be divided into SU(3)y x SU(3) 4 multiplets of different baryon number. For B = 0
we would obtain the multiplets of mesons and for B = 1 we would obtain those for baryons. But in nature
we do not observe the multiplets of SU(3)y x SU(3) 4, but only those of SU(3)y . These two points indicate
a spontaneous breakdown of the chiral SU(3)y x SU(3) 4 symmetry down to its SU(3)y subgroup.

The spontaneous breakdown of chiral symmetry is exhibited by the octet of pseudoscalar mesons. Ac-
cording to the discussion of Sec. [2.2.3], we expect the appearance of eight Nambu-Goldstone bosons corre-
sponding to the eight broken generators of SU(3) 4. Now, the pseudoscalar octet contains the pion isotriplet
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{7T_,7T0,7T+}, two kaon isodoublets {K+, KO} and {K‘,RO}, and the isosinglet {n}. These eight mesons
are much lighter than all other mesons and are considered as the Nambu-Goldstone bosons of spontaneous
chiral symmetry breaking. Strictly spoken, these mesons are pseudo-Nambu-Goldstone bosons, because they
obtain nonzero masses. Those masses arises from the fact that the chiral symmetry is not an exact, but
explicitly broken global symmetry of the QCD Lagrangian.

The symmetry under the SU(3)y subgroup of the chiral group is called flavor symmetry. The quark and

antiquark fields build the fundamental triplet [3]; and antitriplet [3]; of SU(3)y. For mesons, i.e., ¢g-states,
we can couple the antitriplet with the triplet to obtain a singlet and an octet, [3]f ® [3]f = [1]; @ [8]f.
In the case of baryons, we couple three quark triplets to obtain a singlet, two octets, and one decuplet,
Bl @[3]f @[3]f = [1]f @ [8]f @ [8] @ [10]s. The general forms of those multiplets, represented in the strong

isospin-hypercharge plane, are depicted in Figs. [2.8] and [2.9].
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Figure 2.8: Flavor-multiplets for mesons in the (75, Y)-plane. In this figure, we neglect the quark content of the different
meson resonances.
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Figure 2.9: Flavor-multiplets for baryons in the (T3, Y)-plane. Again, we neglect the quark content of the different baryon
resonances.
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Chapter 3

Chiral Perturbation Theory

The last Section [2.3] of the past chapter was dedicated to the theory of strong interactions, Quantum
Chromodynamics. We constructed the QCD Lagrangian by using the gauge principle and investigated the
so-called chiral symmetry of QCD. In addition to that, we argued that this symmetry must be spontaneously
broken. This spontaneous chiral symmetry breaking will be a central topic of the upcoming chapter.

At this point, we could start to investigate strong processes in the framework of QCD by using a per-
turbative expansion in powers of the strong coupling ag = g?/4w. This approach is valid as long as the
coupling ag is small, so that the interaction can be treated as a perturbation. In the high-energy end of the
QCD spectrum, where the interactions are mostly dominated by quarks and gluons, this method works very
well - while in the low-energy regime the situation changes. For small energies, the strong coupling becomes
very large, so that the interaction cannot be treated as a perturbation. Since we are interested in an analysis
of the low-energy properties of QCD, we need to find a technique, which does not rely on a perturbative
expansion in powers of the QCD coupling «g.

In fact, there exist two non-perturbative methods. The first is given by numerical simulations on a lattice,
where the whole theory is discretized on a four-dimensional hypercube. The second approach is given by
the framework of Effective Field Theory (EFT), which simplifies the initial theory by considering only those
degrees of freedom that are important at the energy scale one is interested in. This second approach will be
the focus of this work.

The main objective of this chapter is to introduce Chiral Perturbation Theory (ChPT) as a powerful tool
to investigate the low-energy regime of strong interactions. Therefore, we start with the basic ideas of ChPT
in Sec. [3.1]. This Section includes a brief overview of the basic ingredients of ChPT: the hadronic n-point
functions and the Ward-Fradkin-Takahashi identities. It turns out, that the low-energy dynamics of QCD
is fully determined by the interaction of the Nambu-Goldstone bosons of chiral symmetry breaking among
themselves. The aim of Sec. [3.2] is to introduce the basic mathematical formalism which will be needed
to build an effective Lagrangian of a theory with spontaneous symmetry breaking. Finally, in Sec. [3.3], we
will combine the results of Sec. [3.1] and [3.2] to construct the next-to-leading order (NLO) Lagrangian of
ChPT.

3.1 The Basic Concepts of Chiral Perturbation Theory

In order to outline the basic concepts of ChPT, we start with a short summary of some important results of
Sec. [2.3]. To this end, we start with the classical QCD Lagrangian and switch quark masses off. We saw that
in this case, the fermionic part of the QCD Lagrangian possesses a global SU(Ny)r, x SU(Ny)g x U(1) x
U(1) g symmetry which originated from the fact that the left- and the right-handed parts of the quark spinors
can be rotated independently of each other. As already mentioned, this symmetry is called chiral symmetry.
However, this symmetry group is isomorphic to the SU(Ny)y x SU(N¢)a x U(1)y x U(1) 4 group of vector
and axial-vector transformations. The 2NJ% conserved currents which are associated with these symmetry
transformations are given by Eqgs. (2.155) and (2.156). If we now consider the QCD Lagrangian at the
quantum level, it turns out that the U(1) 4 symmetry does not survive quantization. This anomaly results
from non-perturbative quantum effects which are associated with instantons. Therefore, at the quantum
level, the full symmetry group of the QCD Lagrangian is given by SU(N¢)y x SU(Ng)a x U(1)y. In the
following step, we allow the quarks to have non-vanishing masses and consider the full QCD Lagrangian. As
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already seen in Eqgs. (2.163) and (2.164), the vector and axial-vector currents are not conserved anymore.
In particular, when we consider Eq. (2.164), we find that for nonvanishing quark masses, there is no chance
that the remaining N]% — 1 axial-vector currents are conserved. From Eq. (2.163), we obtain that the
NJ% — 1 currents of the vector transformations are only conserved, if the different quark flavors have identical
masses. In addition to that, we realize that the current associated with the U(1)y transformations is always
conserved, as it must be, since this current expresses the conservation of the baryon number. However,
this symmetry is not important for the following discussion, so that we restrict ourselves to the remaining
SU(Ny)y x SU(Ny)a group. Now, let us turn to the light quark sector, in particular to that part of the QCD
Lagrangian, which includes the two lightest quark flavors up and down. Compared to a typical hadronic
mass scale Agqdgron = 1 GeV, the masses of the up and the down quark can be assumed to be identical,
since the difference dm,q = mq — my ~ 2.5 MeV of their masses is vanishingly small compared to Agagron-
Therefore, in the case of the two lightest quark flavors, we obtain an approximate SU(Ny = 2)y symmetry.
This symmetry is well known as the isotopic spin symmetry or isospin symmetry of strong interactions. At
this point, it is important to recognize that not only the mass difference dm,q is very small compared to
AHadron, but also the masses m,, and my itself. Therefore, we extend our assumption to the case in which up
and down quark not only have identical, but vanishing masses. This assumption gives rise to an approximate
SU(2)y x SU(2) 4 symmetry, since the three axial-vector currents are also conserved in the case of vanishing
quark masses. In the discussion of Sec. [2.3], we already mentioned that there are strong arguments that
this chiral SU(2)y x SU(2) 4 symmetry must be spontaneously broken down to its isospin subgroup SU(2)y
An important object in this context is the vacuum expectation value of the singlet scalar quark condensate

(QII]Q) . (3.1)

In fact, it can be shown that a non-vanishing singlet scalar quark condensate is a sufficient condition for
spontaneous chiral symmetry breaking. We will return to this important point in Sec. [3.1.2]. For the
moment, we interrupt this discussion and turn to other important quantities in Quantum Field Theory,
which also play a crucial role in the framework of ChPT, the n-point Green’s functions.

3.1.1 n-Point Green’s Functions and Pion Pole Dominance

The n-point Green’s functions' are defined as the time-ordered vacuum expectation values of Heisenberg
operators O;(x;). The great importance of these n-point functions arises from the fact that the so-called
Lehmann-Symanzik-Zimmermann (LSZ) reduction formalism relates them to scattering matrix elements and
therefore to physical processes. In our case, we are interested in hadronic processes, in particular in low-
energy hadronic processes. The n-point functions corresponding to hadronic processes cannot be formed
with the field operators which are included in the QCD Lagrangian, since Eq. (2.139) does not contain
field operators describing hadrons, but only field operators describing the fundamental particles of strong
interactions, namely quarks and gluons. The relevant n-point functions for our purpose are those which are
formed with the time-ordered products of color neutral and hermitian bilinear forms. To be more precise,
we are interested in n-point functions formed with the following objects

T (@) = U(z)y" T (z) | (3.2)
J“’ (z) = U(2)y"ysT" ¥ () , (3:3)
J§(@) = W(x)T"¥(z) , (3-4)
Tp(x) = i¥(x)ysT" () , (3-5)

where @ = 0,1,2,3 and U(z) = (u(z),d(z))". The generators are defined as 70 = 1/2,T" = 7°/2, where
7%, i = 1,2,3, denote the usual Pauli matrices, compare [6.1.1] and [6.1.2]. The assignment of the scalar
(3.4), the pseudoscalar (3.5), the vector (3.2), and the axial-vector (3.3) bilinear forms to physical mesons
which we want to describe, depends on the quantum numbers of the physical states. In order to investigate
the low-energy behavior of these n-point functions, we consider a general momentum-space n-point function
which involves the time-ordered product of arbitrary operators O;(x;)

G™(p1,....pn) :/Hd4xj i (QIT {01 (1) - - - Op(2) }|Q2) - (3.6)

1 We will often call them n-point functions, instead of n-point Green functions.
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The vacuum expectation value in the above expression can be rewritten as

QT {O1(21) - - On ()} |€2)
=9 (min(w?, @) = max(@h, s @) QT {01 (@) - Om(#n)} T{Om41(@m1) - On (@) } [2)

d3k 1 :
_ Z/ 5 5 © (min(z},...,2),) — max(z),,,...,22))

Wi

QIT{Ol(fm) Om(@m) } [¥s 1) (s x| T{Omi1 (Zmg1) - On(n) } ) + .., (3.7)
where we inserted an on-shell single particle state of mass M and spin s. It is clear that the inserted complete
set of states involves all multi-particle states, not just only the one-particle state. Therefore, the ”...” of the
second line stand for all possible multi-particle states including all possible time-orderings, while the ”...” of

the first line only denote the other possible time-orderings. In addition to that, we assume that the matrix
elements

QT {O1(21) - Om(@m) } [ths 1) and (s k| T {Om41(Tm+1) -+ On(2n) } [2) (3.8)

are different from zero. Now, exploiting the space-time translational invariance? of the Heisenberg operators
Oi(l‘i), i.e., ) )
€m“PHOi($i)€_m“Pu — Oz(xz + a) , (39)

the first matrix element in Eq. (3.8) can be rewritten as
QT {O1(x1) -+ O (wm) } |95 x)
_ Q‘T {ez‘:clP —ileol (ml)eile . e—ileOm(xm)eilee—ile} |1/)s,k>
e HQIT {01(0)0a (22 — 21) -+ O (@m — 21)} [s.x) (3.10)

where we suppressed the space-time indices in the exponentials and used that the vacuum and the one-
particle state are eigenstates of the four-momentum operator. In an analogous way, the second matrix
element in Eq. (3.8) can be written as

(Vs k| T {Om+41(@m41) -+ On(@n) } )
=

=€

PTm 41 Pe—imerlPO i1 P, e_m"”rlPOn (xn)eixm+1 Pe—imerIP} |Q>

m+1(xm+1)e
@mp1k <’¢5’le {Om+1(0)0m+2(xm+2 - xm—i-l) o Op(2n — xm-i—l)} |Q> : (3'11)
Combining Egs. (3.10) and (3.11) with Eq. (3.7) and inserting this result into Eq. (3.6), we obtain

G(n) (p17 (R 7p’l’b)
/ H dtz; ePi®i Z/ 2m)3 2Wk (min(x(l), o ad)) —max(xh, ... ,x%)) e~k oiTmy1k

<Q|T{01( )O2(z2 — 1) ... O (T, — 1) } Vs k)

® (Vs kT {Om+1(0)Oms2(Tmt2 — Tmi1) -« - On(Tn, — Tig1) F|Y) + ... . (3.12)
The above expression can be simplified by introducing new variables
T — T ,1=2,....,m,
&= - (3.13)
Tj — Tm+1 a]_m+2a"'7na

while z1 and ,,4; remain unchanged. In order to see how Eq. (3.12) changes under the coordinate
transformation (3.13), we consider each part of the n-point function separately. First of all, we note that
the Jacobian associated with the above change of variables is equal to one. Then, the exponentials in Eq.
(3.12) become

n m

Help]x]e w1k giwmiik — i(P1—k)z1 gi(Pm+1+k)Tmir Hew] §jt+w1) H ePi (€5 +Tm+1)
Jj=1 Jj=2 Jj=m+2
n
— P1tAPm—k)z1 fi(Pmt1 e APt E)Tm g1 H ePi&i (3.14)
j=2,
Jj#FmM+1

2Translational invariance with respect to space-time translations implies that the Heisenberg operators fulfill [Py, 04(zy)] =

—i0;10;(x;). Using eXYe™X =Y +[X,Y]_ +... in combination with the commutation relations, satisfied by the Heisenberg
operators, leads to Eq. (3.9).
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The next object in Eq. (3.12) we turn our attention to is the ©-function. Using Eq. (3.13), we obtain

© (min(z},...,2%) — max(z9,,,...,22))

= O (min(a?, &5 + a9, ..., &, + @) —max(z), 1,600+ Tpprs - 6o+ Ti1))

=0 (x? — $9n+1 + min(O,fg, ... ,§9n) — max(O,f?nH, ... ,fg))
dw T (e g min (0,6 ) ~max(0.65, 5 62)) (3.15)
21 w + i€

where we used the Fourier representation of the ©-function

dw i ,
_ hdt —wT 1
O(r) o ot e (3.16)

— 00

Finally, the matrix elements (3.8) simplify to

(QUT{01(0)02(&2) - - - Om(&m)} [Ysxe) and (s x|T {Om+1(0)Omy2(mr2) - - - On(8n)} [2) - (3.17)
Combining the results (3.14), (3.15), and (3.17), we obtain

G(n)(pla --7pn

d3k
_Z/ o 32Wk/ / H d4£ ePii /d4:1c1d Tt et 1t Apm—k)T1 i (Pmy1 . AP E)Tm 1

;ém+1

~ efiw(at(l’fz?n_*_lerin(O,Eg ..... 5%)7max(o,§3l+2,...,gg)) :
w + 1€

X AAQT{01(0)02(&2) - - - O (&m) } [¥s k) (Vs x| T {Om41(0)Omr2(Emz) - - On(6n)} 1€2) +

3
— Z/ g k3 2 / / H d4£ ezpjfj /d4$1d xm+1 e Z(1:’14‘ +pm—k) xle I(Pm+1+ +Pn+k) Xm+1
71' Wk

J;ém+1

. 7iw(min(075g,...,EgL)fmax(Ofoerz7~-x§2))
X ei(P?+-*~+P?,L_‘*’k_"-’)wgei(P?yL+1+~~+p2+"~’k+"~’)$?n+1 e

w + 1€
x(QT{01(0)02(&2) - - (§m)}\1/fs k) (Vs x|T {Om+1(0)Omr2(&m+2) - - - On(&a)} 2) +
(2m) Z/d3 20Jk/dw/ H d4§ et § (p to Py Wk W )5(p9,1+1+...+p2+wk+w)

J¢M+1

ie—iw(min(o,fg,...,Egn’)—max(0,59n+2,...,f%))
x 63 (py+ ...+ Py k)0 (pyiq + ... + P, + k) o

X AAQT{01(0)02(&2) - - - Om(&m)} [¥s k) (Vs x| T {Om41(0)Omi2(Em2) - On(&n)} 1) + ... . (3.18)

It is obvious that an integration over d®k gives a three-dimensional delta-distribution which expresses the
conservation of the 3-momentum. In addition to that, the energy wy of the on-shell intermediate state
becomes wp, +..4p, = \/(p1 +...4+p,,)% + M?2. Defining p, = p1,,+. ..+ Dm,p, this energy can be written

as wp = v/p? + M2, so that

G(n)(pla cee 7pn)

= Z/dw/ H d*¢; e 5 () + ...+ 0, —wp —w) & (g + .o DY+ wp + W)

2wp

J¢M+1

ie—iw(min(o,gg,...,&?n)—max(o,fgnJrQ,...,{?L))

><5(3)(p1+...+pn) T ic
X <Q|T {01(0)02(52) s Om(§m>} |¢s,p> <1/}s,p|T {Om+1(0)0m+2(5m+2) s On(gn)} |Q> o (3~19)

Apparently, the above expression of the n-point function has a pole at w = 0. Near this pole, the contribution
of the exponential in the numerator is one, so that we are able to drop it. This allows us to solve the w



CHAPTER 3. CHIRAL PERTURBATION THEORY 38

integration in order to obtain

G(n) (pla cee apn)

(2m)4 / B e ipits i
=) d4¢. it §4)
2Wp XS: H f_/@ (p1+ +pn)p0++p21—wp+ze

1
JjF#m+1

X QT {01(0)02(&2) - - - Om(Em) } [¥s.p) (Vs,p|T {Om41(0)Omi2(§msa) -+ - Onl€a)} Q) + ... (3.20)
The fraction in Eq. (3.20) can be rewritten as follows
1 i
+oo Y, - \/(p1+...+pm)2+M2+ie
0"+ Vo707
T ) - (PPt MQ) + i€

_ 2wpt
Cp2— M2+ e

P4 ..+ Y, —wp +ie

»}

, (3.21)

where we frequently redefined e, which is valid, since € is an arbitrary positive infinitesimal real number. In
addition to that, we used in the last line that in the vicinity of the pole, p° is equal to wp. Inserting (3.21)
into (3.20), we finally obtain

G(n)(ph e apn)

2wpt
Z H d¢. i€ §(4) — P
/ dé‘ ep] J (p1+ +p’ﬂ) 27M2+Z.€

X QT {Ox( )02('52)-~- (§m)}|¢s,p> <1/)s,p|T{0m+1( )Om+2(Emt2) - On(n)} Q) +
= (277)45(4) (p1+... —|—pn) M2 e Z/ H d4§ etPii
X (T {01(0)02(E2) - - Om(&m) } [¥5,p) <1/Js,p|T{0m+1(0)0m+2(§m+2)~-~On(€n)}|Q>+--- - (322)

First of all, it should be emphasized that the equal signs in Egs. (3.20) - (3.22) are only valid in the vicinity
of the pole, so that Eq. (3.22) determines the residue of the pole of the initial n-point function. Considering
(3.22), we conclude that, for p, =p1 ,+...+Pm.py = —Pm+1,u—- - - —Pn,, and non-vanishing matrix elements
(3.17), n-point functions always have poles when on-shell intermediate particles can be created. In order to
understand the great importance of this result, we have to turn back to the previous discussion, namely to
the spontaneous chiral symmetry breaking in QCD: According to the Goldstone theorem, Sec. [2.2.3], this
spontaneously broken symmetry gives rise to the occurrence of dim (SU(2)y x SU(2)4) —dim (SU(2)y) = 3
massless pseudoscalar bosons. But, since the SU(2)y x SU(2)4 chiral symmetry is only an approximate
symmetry, these bosons acquire small but nonzero masses, so that they are often referred to as pseudo-
Nambu-Goldstone bosons. These pseudo-Nambu-Goldstone bosons are identified as the three pions, since
they are significantly lighter than all other particles of the hadronic spectrum and have these quantum
numbers we are looking for, i.e., they are spin-0 bosons with negative parity and transform as a triplet under
the unbroken isospin subgroup. Especially the fact that the pions are the lightest particles of the QCD
spectrum is important for us, since they are the first degrees of freedom which we observe at low energies.
Therefore, at low energies, the hadronic n-point functions formed with Eqgs. (3.2) - (3.5) are dominated by
a pole, Eq. (3.22), which is generated by the pions. Or formulated differently: While the high-energy end
of the QCD spectrum is dominated by quarks and gluons, the low-energy dynamics of strong interactions is
governed by the exchange of the pseudo-Nambu-Goldstone bosons of chiral symmetry breaking, i.e., by the
exchange of pions.

3.1.2 The Singlet Scalar Quark Condensate

In the introduction of Sec. [3.1], we stated that a non-vanishing vacuum expectation value of the singlet
scalar quark condensate is a sufficient condition for the spontaneous breakdown of the chiral symmetry of
QCD. In order to prove this statement, we start with the zero-component of the axial-vector current (2.156)

Q4% (t, /d3r U(t, )y TV (t,r) , (3.23)
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the definitions of the scalar and pseudoscalar bilinear forms (3.4) and (3.5) and consider the chiral limit of
QCD. In addition to that, we assume the vacuum expectation value of the singlet scalar quark bilinear to
be different from zero, i.e.,

(QLIY)]) = (N TOU()|2) = 5 (QITORO)]Q) = 5 (QFT]0) £0, (3.24)

where we used the translational invariance of J2(z). Now, we evaluate the equal-time commutation relation
of Eq. (3.23) and the pseudoscalar quark bilinear form (3.5)

QU (tx), P (1))

_ /d3 B(t, 1)y ToU (t, 1), i (1, )y TOU (8 )]

- / a0t x)a (95)" (T W(t 1) 5,5, 00T (1 )i (00)7 7 (35) g, (T W) |

= 2 (75)0‘5 (T (0" (35) g1y (T / Q' (W1 (1, 1) W (1) 0,5, O (1 o W (EY) |, (325)

where we explicitly denote the spinor and isospin indices. In addition to that, it should be taken into account
that no summation over a is implied in the above equation. Furthermore, the index a runs only from one
to three, since the singlet axial-vector current carries an anomaly. The commutator in Eq. (3.25) can be
evaluated by using

[AB,CD]_ = A[B,C], D~ AC[B,D]_ +[A,C],DB—-CI[A,D] B (3.26)
and the usual equal-time anticommutation relations® of the quark operators
[\I’(t, r)a,iv \IJT(ta r,),&j] + = 5aﬁ5ij5(3) (I‘ - I‘l) ) [\Il(ta r)oc,i7 lIj(t r/)ﬁ,j]+ = [\I’T(t7 r)a,’ia \IIT(ta r/)ﬁ,j] + =0.

(3.27)
Then, Eq. (3.25) becomes

§Q4 (), Pt )] =i / @ [t )ai (T3 (06) 0 (50)* 7 (5) 1 (T W(E1)),

= W o (1) (00) (35) g (0)° ()7 W (875, 8 (r =)

= 20Tt r) [y T, vy 7% _ W(t,r)
1-
= illl(t,r)\ll(t,r)
= J3(t,r) , fora=1,2,3, (3.28)

where we used Eq. (6.29) and (T)* = 1ay2/4, for a = 1,2,3. The above equation obviously relates the
singlet scalar quark condensate to the triplet axial-vector charge operator ()%. Now, we can evaluate the
vacuum expectation value of the commutator (3.28) and obtain

(Qi [Q%(t,x), P2(t,x)]_ |9) = (QIJ5(,1)[) o< (QTT|Q) (3.29)

Since we started with the assumption (3.24), it follows that the triplet axial-vector charge operator does not
annihilate the vacuum. Therefore, we conclude that a non-vanishing vacuum expectation value of the singlet
scalar quark condensate is a sufficient condition for the spontaneous breakdown of chiral symmetry.

3.1.3 Ward-Fradkin-Takahashi Identities, Gauge Invariance, and the Generat-
ing Functional

In Sec. [3.1.1], we saw that at low energies the strong processes are dominated by the exchange of pions.
This behavior arises from the fact that the n-point functions formed with (3.2)-(3.5) exhibit a pole which is
generated by the pions. Now, the physical amplitudes and therefore also the n-point functions are affected
by the symmetries of the physical system in question. In the case of QCD, these constraints originate from
chiral symmetry. And in fact, it turns out that chiral symmetry does not only determine the transfor-
mation behavior of the n-point functions, but also relates the n-point functions among themselves. These

3In general, the quark operators also carry color-space indices, but since the bilinear forms (3.2) - (3.5) describe color neutral
objects, it is possible to omit those indices.
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symmetry relations are the so-called Ward-Fradkin-Takahashi (WFT) identities. These identities relate the
4-divergence of a symmetry current to a linear combination of other n-point functions.

In the case of QCD, this means that the 4-divergence of an arbitrary n-point function formed with a least
one factor of Ji7* or J!y'* can be related to a sum of other n-point functions of the theory. In general, this
sum involves one n-point function which will contain the 4-divergence of the symmetry current. For an exact
symmetry, this term obviously vanishes. The other terms of the sum each contain an equal-time commutator
of the charge density of the symmetry current with one of the remaining operators. These equal-time com-
mutation relations result from the derivatives of the ©-functions which are contained in the time-ordered
product of the n-point functions. In principle, these equal-time commutators are determined by the algebra
which is formed by the symmetry currents and are therefore fully governed by the underlying symmetries
of the theory. Generally speaking, this algebra relates the equal-time commutator to another current?.
Therefore, we conclude that the 4-divergence of the initial n-point function, in general, is related to another
n-point function which expresses the current conservation and a linear combination of (n—1)-point functions.

Before we illustrate these considerations by means of an example, we come to another important object
which is closely connected to the nm-point functions, the so-called generating functional. At the begin-
ning of Sec. [2.2.1], using the example of a scalar theory containing N fields ¢q(z), a = 1,..., N, we
already saw that all n-point functions of the theory are included in the generating functional Z [j], with
J(x) = (Ji(z),...,Jn(z))T. In addition to that, the n-point functions of the theory can be obtained from
the generating functional by taking the functional derivatives of Z [J_] with respect to the classical sources
Jo(x), a=1,...,N, see Eq. (2.64). The connection of the generating functional and the WEFT identities is
given by the fact that the complete set of all WE'T identities is contained as an invariance property of the
generating functional. To be particular: In the absence of anomalies, the WEF'T identities Eare equivalent to
the invariance of the generating functional under local transformations of the symmetry group in question.
This invariance property can be understood as the manifestation of the underlying symmetry of the theory

in question at the level of the n-point functions.

In order to illustrate these general meditations, we consider a complex scalar theory which is described
by the following classical Lagrangian

Z(¢7(@), o(@), 8,0 (), Bup(@)) = Bup)t (00) = ¥ (01, 0) . V(0T 0) =mPelo+ A (9T9)” . (3.30)

The constants m? and X are chosen in way, so that the potential density is bounded from below and possesses
only a single minimum, i.e., A\ > 0 and m? > 0. The importance of the second requirement will become clear
in a moment. At this point, it is appropriate to calculate the canonical momenta associated with the fields

() and ¢ (x)
0% 0L
d (Ooep(x)) D (ot (z))

Now, it is obvious that the Lagrangian (3.30) is invariant under global U(1) transformations® of the fields

w(z) = =% (x) , 7l(z) = =0%(x) . (3.31)

va —iv () (3.32)

o) = ¢'(x) =e
1 UML) iy ot i
ol(z) — ¢'1(z) = ' (x)e", (3.33)
where « € R is the group parameter of U(1). Using the transformation behavior (3.32) of the field ¢(x) and
its complex conjugate of(x), Eq. (3.33), the U(1) invariance of Eq. (3.30) is easy to prove
u()
L= L = (0u) (0" V()
= e (D) (0"9) = V(91 )
=7, (3.34)

where we used that the U(1) transformation is a global transformation and that the potential density only
depends on ¢f (z)p(x) = |p(x)|>. Now, it becomes clear that the requirement m?2 > 0 forbids a spontaneous

4 At this point, one has to be careful, because these equal-time commutators are only determined up to so-called Schwinger-
terms.

5 If we decompose the fields ¢(z) and o' (z) into their real and imaginary parts, we observe that the global U(1) transfor-
mations corresponds to global SO(2) rotations in the field space of Re(¢) and Im(y), compare Sec. [2.2.3].
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breakdown of the U(1) symmetry. According to Noether’s theorem, the invariance of Eq. (3.30) under
the continuous transformations (3.32) and (3.33) gives rise to a conserved current. In order to derive this
conserved Noether current, we need the infinitesimal forms of Eqgs. (3.32) and (3.33)

o(2) "B ¢ (@) = (1 - ia)p(x) = p(x) + bp(x) | (3.35)
ol(2) 2 of(2) m ol (2)(1 + i) = o () + 09T () (3.36)

Using the above transformations and Eq. (2.21), the Noether current can be calculated as follows

3% 3%
Jh = b+ 0T
00,0)" " " 909"
— —iaa [(Ox2]) ()] v+ z'oupTa [(9x¢") (97)]
0 (Ouyp) 9 (Ouep')
=ia [plg", 0% — g"* (Ore") ]
— gt | (3.37)

where the Noether current J* is given by

T (@) = i [p(2)0"p(x) — (0"¢1(2)) p(2)] (3.38)

According to Eq. (2.22), this Noether current is associated with a conserved charge

Q= [ @ =i [ @ (@) - (@) o)) =i [ d @@ (@) - wlw)e@)] . (339

where we used the definitions of the conjugate momenta, Eq. (3.31). Now, we can quantize the theory and
consider Eq. (3.30) at quantum level. To this end, we require the usual equal-time commutation relations
between the fields and their conjugate momenta

[p(t,r),m(t,x)] = [pl(t,r), 7l (t,v))]_ =i6®(xr -1, (3.40)
[@(tu I‘), SDT (tv I‘/)] _= W(tv I‘), ud (tv r/)} _ = [Sp(tv I'), l (ta rl)] _= [SOT (tv I‘), W(tv I'/)] _=0. (3'41)

It should be noted that the equal-time commutators of the fields and momenta with itself, of course, also van-
ish. Using the above relations, it is easy to derive the equal-time commutation relations of p(z), ¢f(z), 7(z)
, 7 (z), and the charge density J°

[J0(t,r), o(t,x)] _ =i[o!(t, )l (t,x) — 7(t,x)p(t,x), o(t,1))]
= {w*(t’ r) [x1(t,x), o(t,x)] _ + [t 1), 0t )] 7w'(t,x) — 7 (t,v) [p(t, 1), 0(t,1")]

—[r(t,r), o(t, r’)]_w(tvr)}
_ —5(3)(1' —1)plt,r) , (3.42)

[
=i {sﬂ(t,r) (7t r), 0t (8, x)] _ + [0 (1), " (8 2)] 't (1) — m(t,r) [0t ), o (2, 0)]

=6 (r— r/)¢f (t,r), (3.43)
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[J°(t, r),ﬂT(t,r’)]7 =3 [<pT(t, r)wi(t,r) — 7(t,v)p(t,r), 7 (t, )]
=i {@T(t»r) (7t (t,r), 7t (t,x)] _+ [T (t,x), 7T (¢, 2)] 7l (t, ) = 7(t,v) [t v), 7 (8, 0")]

= [r(t0), 7 ()] _p(tr) |
= 6O -r"rt(t,r), (3.45)

where we frequently used Egs. (3.40), (3.41), the linearity of the commutator and [AB,C|_ = A[B,C]_ +
[A,C]_ B. At this point, we are in the position to consider the 4-divergence of n-point functions which are
formed with the Noether current (3.38) and the field operators ¢(x) and ¢f(z). As an explicit example, we
consider the following 3-point function

GOy, 29, 3) = (Q|T {@(xl)t]#(@)@u%)} €2) . (3.46)

Before we calculate the 4-divergence of Eq. (3.46), we note that the above 3-point function is invariant under
the global U(1) transformations (3.32) and (3.33), since the symmetry current J* is invariant itself. This
invariance of the Noether current tells us that it transforms as a singlet under the U(1) phase transformation,
i.e., it transforms as a neutral object with respect to the U(1) charge. This is not a general result, since the
transformation behavior of the fields under the group in question determines in which way the symmetry
current transforms. An example for that are the left- and right-handed currents (2.152) and (2.153). The
left-handed Noether current transforms as a (3, 1) multiplet under SU(2)1, x SU(2) g, while the right-handed
current transforms as a (1,3) multiplet. This beautifully demonstrates that the transformation behavior
of the n-point functions is determined by the underlying symmetry. Now, we are able to calculate the
4-divergence of Eq. (3.46) with respect to zp. Using the short-hand notations ¢(x;) = @i, »f(z;) =

¢Z> JH(x;) = JI as well as O(z) — 29) = ©;; and 8 (x5 — xj) = of = 07

; i, we find

052 GO (w1, w9, w3) = O (AUT {olan) I (w2) o' () } )
= 922 (012035 (A1 0119) + 01302 (A1} I 19) + 021015 (21 016][2)
+ 023031 (5 0f01|92) + ©31015 (plipr T4 [9Q) + ©3201 (2ol JE 01 |0)
= 612 |O12 (210510 — O (ko1 31)|
+ 812 O3z (el S9110) — Oaa (01 S5l
+ 823 [©12 (1 J9p}I0) — Oar (2 S01]0))

+ 023 [@31 (Q Il o11Q) — O13 (Q|501<P§J§\Q>} ; (3.47)

where we used 05'0;; = —0;;70; = g,00;; and the fact that the symmetry current (3.38) is conserved, i.e.,
9, J" = 0. Now, the delta-distributions d12 = 6(z9 — 23) and da3 = §(2§ — 29) allow us to use the equal-time
commutation relations (3.42) and (3.43). Using these relations and inserting suitable ©-functions, we observe
that two terms of each square bracket in Eq. (3.47) vanish. Finally, we obtain

022 GOH (2, w9, w3) = [(5(4)($2 —a3) — 6D (2 — xg)} QT {p(1)¢" (23)} 1) . (3.48)

Using the same manipulations, it is now possible to prepare the complete set of WET identities of all n-point
functions of the theory. As already mentioned at the beginning of this discussion, we find that the WFT
identities relate the 4-divergence of an n-point function with a linear combination of (n—1)-point functions. In
the case of the above example, the additional n-point function expressing the current conservation vanishes,
since the local U(1) symmetry of Eq. (3.30) is exact. In order to complete this example, we want to study
the WE'T identities for all n-point functions instead of only considering the special case of Eq. (3.48). This
will also show us that the symmetry properties at the level of the n-point functions manifest themselves as
an invariance property of the generating functional. Therefore, we start with the path integral expression of
the generating functional of all n-point functions of the theory

Z5t, 3, du] = / D¢t (2) D) 510" 3] | (3.49)
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where Zp(z) = [, de(x), Z¢' (z) = [[, de'(z) and

S et e,i"d,9u) = SleT, ¢) /d4xj + ¢l (2)j(@) + ju(@) I ()
~ [t {[w@)ﬁaw(x) 7 (@ @np@)}+ [ (@) + ¢ @i
+iu(x)JH (x)] . (3.50)

Now, we want to promote the global U(1) invariance of Eq. (3.30) to a local one of Eq. (3.50). As already
seen in Sec. [2.3.1], the group elements of U(1) may now depend on the space-time, i.e., they correspond to
a mapping from Minkowski space to the group U(1), z — U(z). The transformation properties of the fields
(3.32) and (3.33) then become

x) v ¢ (z) = e @ p(z) (3.51)
x) vQ o'T(z) = ol (z)e?™® . (3.52)

In addition to that, we require that the classical sources j'(x) and j(z) corresponding to the fields transform
in the same way as the fields, respectively,

i) 28 j(2) = e @ ji(a) (3.53)
z) Y 1t (2) = jH(a)eie@ . (3.54)

The transformation behavior of the external field j, (z) corresponding to the symmetry current J*(z) should
stay indefinite for the moment. Then, using Eqgs. (3.51)-(3.54), the action including the source terms (3.50)
transforms under local U(1) transformations according to

Slet eitdiin] T3 S [0t ¢ 5500 = St ] + /d‘1 [T ()¢ () + " ()5 () + j), (x) T ()]

= s+ [ dn [@)e() + o @) + @) @)]
(3.55)

where we used that the terms jT(x)¢(z) and ¢f(z)j(z) are trivially invariant due to their transformation
behavior. Now, the transformation behavior of the action S[pT, ¢] is given by

Ste el " sl o) = [ ate ([0, @) 9 @) - (P00}
= [dts ({[ows! @) ) + i(0,aa) =10}
x {=ifo"a@)] e @p(@) + [ p(@)] e} — (g, p))
=it + [ da {[0.0@) @)+ Bua@P @@} . (350)

where we used the definition of the Noether current (3.38) and the fact that the potential density only
depends on |¢(z)[?. In close analogy to the construction of the QCD Lagrangian in Sec. [2.3.1], the kinetic
term produces an additional term

5[] = [ ato {[ua(@)]) (@) + Bua(@) ¢ @)o(a) ) (357)

which has to compensated by the transformation behavior of other objects in Eq. (3.50) to obtain a local
U(1) invariance. Another object which we expect to transform in a nontrivial manner is the Noether current
J# since it also contains 4-divergences of the fields. We find

I (@) = i {V (@)0 (@) — [0 7 ()] ' (@)}
—i (wx)em 2 {=iora(@)] e Op(@) + e () |

— [0t @)] @) 4 10 a@)] @l (1) } e @ () )
— JH(2) + 2[0"a(@)] ¢ (@) () (3.58)

J“( )U(l
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Inserting the results (3.56) and (3.58) into Eq. (3.55), we obtain
o s o T 4 -t t . m 2 4
S, 5 5] = Sle', ¢l + /d T (J (@)p(@) + " (2)j(z) + [Opa(z)] J* () + [Opa(z)]” ' (z) ()

35, (2) {7 (@) + 2 [0"a(@)] ¢ (@)p(2)}) (3.59)

In order to eliminate the additional terms in the above equation, we use the same approach as in Sec. [2.3.1].
To this end, we require that the external field j,, transforms as a U(1) gauge field

Ju(@) ™Y j(@) = U@)ju (@)U (2) - 1[0, ()] U' ()
= Jju(z) — Opa(z) (3.60)

J
where we used U(z) = e~**(#). Then, Eq. (3.59) becomes
S (et @' dv 5 0n] = Slet el + /d4$ (J’T(x)w(x) + o (2)j (@) + [Dpa(@)] J* (@) + [Ducl@)) ¢ ()0 ()
+[ju(@) — dual@)] {74(@) + 2[0"a(@)] ¢' (@)p(2)} )
= slelpl+ [t {@)e(@) + ¢ @) + G0} (2)
£200,0(2) 5 (@) (2)p(@) — Dua@) o )ola) }
=S [ 0,3% b du) +6S [', 0.5 4, 4] (3.61)
where we used Eq. (3.50) and defined
35 (¢t ] = [ ' {200,00)] #@e 0@~ Buo@P  @e@)} - (362)

In order to get rid of the above two terms, we have to introduce a new term into the action (3.50). This
term has to be chosen in a way, so that the additional terms arising from its transformation behavior under
local U(1) transformations compensate the two terms in Eq. (3.62). Obviously, this term is given by

Silet @yl = / iz ot (2)p(2) (@) () | (3.63)

since it transforms under local U(1) transformations according to

q ¢ (@)¢' ()], ()" () = o' (2)p(@) [ju(2) = Oua(@)] [*(x) — 8" a(x)]
= @T € B

(
(@)¢(2)ju (@) (x) = 2[0ua(@)] * () (2)¢(x)
+ [Ducl@)) ¢ ()0 () - (3.64)

Finally, combining Egs. (3.50) and (3.61), we obtain the action of a theory with local U(1) symmetry

! (@)p(2)ju()5" ()

St et 4,5u] = Slet, el + Silet, @, 4l +/d433 [T (@)e() + @' (2)j(x) + ju(z) ] (z)]

= [ dte {Dupla)] Drola) = ¥ (6l ) + i )ole) 4 o @@} 30)
where, in close analogy to Sec. [2.3.1], we defined a covariant derivative of the form
D, =0, —iju(x) . (3.66)

The first term in Eq. (3.65) contains the source term j,(z)J*(x) as well as the additionally inserted term
(3.63). Since D, p(x) and its complex conjugate transform in the same way as the fields (3.51) and (3.52),
the invariance of Eq.(3.65) can be seen easily. Now, we are in the position to prove that also the generating
functional (3.49) is invariant under local U(1) transformations. We obtain

U -G -/ Y
Z[jT?]7]M] LQ Z[J/T,J/’]L] = /@(p"‘@w els[tpf,ga,] Ta] 7]“]

_ / B W CARC AR A

t.5".0]

B /Q@T%p Sl
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— /@@TQQO i8Sl 0.d"5.du]
= Z[JTajv.],u] 9 (367)

where we renamed the fields p(z) — ¢'(z) and ¢f(z) — ©'T(z) in the first line. In addition to that,
we used the invariance of the action and of the functional measures under local U(1) transformations. In
the following, we want to use the invariance of the generating functional, Eq. (3.67), to derive a ”"master
equation” which contains the complete set of WEFT identities of the theory (3.30). However, it will be useful
to first recall another form of Eq. (3.49), which is given by

25", 4. g = | lm (Qtp[28)

tf—>oc

ARE P

_ <Q|Teifd4z Lewt 1)

= (Q|Te! S &'z [T @) el @i@) i) 7 @)] gy (3.68)
Keeping the above definition in mind, we use Eq. (3.67) to obtain

0=2["" 4" 5] — 215", 4.4,
/950 VDo(x { i fd'a [T (@) @)+ (@) ()47, (2) J* (2)+]], (2)" (@)¢" (@) p()]
_eifate [T (@)e (z)ﬂﬂ(r)j(r)ﬂ'u(w)J“(I)Hu(r)j”(z)w(r)w(r)]}eiS[W’w] ) (3.69)
For infinitesimal U(1) transformations, the first exponential in the above equation can be expanded up to
first order in the group parameter «(x)
ot J e [ (@)o(@)+o (2)5' (@) +3], (2) TH (2)+3), ()5 (2)@" () o ()]
— ot 'z (T @)L tia(@)]e(@) +o! (@) [1—ia(@)]i (@) + [ ()~ 0 a(@)]J* () + i (2) ~Oua(@)][1* (2) - 0" a(@)]" () () }

_ eifd4ﬂ? [jT(I)W(I)JrW(I)J'(I)vLJﬁ(I)J“(90)+J'u(I)j”(f)spf(f)w(f)]
x {1 + [ @t (o) [ @)5(0) - 5 @ota)] ~ 100 (@)] [74(2) + 257 @) ()e@)] + 0<a2>} - (370)

Inserting Eq. (3.70) into Eq. (3.69), we find
0= [ 26 @2000) { [ ate o) [¢1@)ito) - 31 @0(@)] - iOpale)] [74(0) + 2 @)g! (0)p(a) e 20

= [ 2o @zeta) { [ at o) | Fie)gs 1710 s |~ natoll g e

1 1) 1 1) 1)

= [t ao) [ 3ite) s~ 1 @ + 05 s | 2T (3.71)
/ i () ojt(x) T julx) g

where we replaced the fields by appropriate functional derivatives in order to interchange the space-time

and the functional integral and to identify the generating functional (3.49). In addition to that, we used an

integration by parts. We obtain

L L I P
) 50 — 1 g + Oy | 264 0. 3.72)

since a(x) can be arbitrarily chosen and Eq. (3.71) must hold for all group parameters. In order to show
that Eq. (3.72) is the desired "master equation” for deriving the complete set of WFT identities, we use it
to replicate the WFT identity of the 3-point function (3.48)

1\’ 3*Z1j%, 4, .l
aa:gG(B),u Ty, T, T3) = () %2 — . sy H.
G s = 5 ) O S 2)65 ) |1y o

- <1> {6ﬂ<xf>26j<x3> o Mégﬁ o }ﬁ_j_j“_o

- (1)4 (s e~ e Z[j*’j’j“]}ﬁ_j_@_o

)
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8231, J, ul 8215,
=W (g — po) —2 2D Jil — W (g — pg) — DIl
S T e | R il ey ey | N
= (69 (@2 = 25) — 6D (@1 — 22) | (UT {sp(w1)¢" ()} 190) (3.73)

where we used Egs. (3.72), (3.68), and the fact that the functional derivatives of the generating functional
in the second to last line correspond, up to a factor of 32, to the respective 2-point functions. It is obvious
that in principle each WFT identity of the theory can easily be obtained by using Eq. (3.72). This example
beautifully demonstrates that the local invariance of the generating functional is equivalent to the WFT
identities of the theory.

At the end of this subsection, we apply this external field method to two-flavor QCD. Since the gauge
part of Eq. (2.139) is not important for the following discussion, we will only consider the quark part (2.133)
of the QCD Lagrangian. In order to generate the hadronic n-point functions, formed with Eqs. (3.2)-(3.5),
we have to modify the quark part of the QCD Lagrangian by an additional term which contains a coupling
of these quadratic forms to external fields. Then, Eq. (2.133) becomes

g@uark — Q?O,Quark + ge:vt
= U (2)iy" D ¥ (x) + Uy" [0, (2) + ap (@) U (z) — U(2)[s(z) — iysp(a) | ¥(z) | (3.74)

where we introduced the external fields v, (), a,(z), s(x), and p(x) as hermitian and color neutral matrices
acting on flavor space

U#((E) = vu,i(x)Ti ) a,u(x) = au,i(f)Ti ;o 8(w) = sq(x)T", p(x) = pa(x)T*, (3.75)

where ¢ = 1,2,3 and a = 0,...,3. At this point, two important things have to be taken into account: First
of all, in Eq. (3.74), we omitted a coupling to the vector and axial-vector singlet currents in order to avoid

the occurrence of anomalies. Then, secondly, we absorbed the mass matrix in the definition of the external
field

m 0
s(@)=m+ () = o) (3.76)
so that the usual quark part of the QCD Lagrangian can be restored by setting v,(z) = a,u(z) = p(z) =
s'(z) = 0. If, in analogy to Eq. (3.68), we use the definition of the generating functional as vacuum-to-
vacuum transition amplitude in the presence of external fields, we are able to generate the complete set of
hadronic n-point functions, involving J¢, Jg, Ji/*, and J/*, by taking the functional derivatives of

20, ap, 5,p) = (QTe S 4@ Leat | (3.77)

with respect to the respective external fields. In order to ensure the validity of the WFT identities, we
promote the global SU(2);, x SU(2)r chiral symmetry of QCD to a local one and require the generating
functional to stay invariant under this modification. From this requirement, we are able to extract the
transformation properties of the external fields (3.75) under local SU(2); x SU(2)g transformations. To
this end, we rewrite the Lagrangian (3.74) in terms of left- and right-handed quark fields. According to the
discussion of Sec.[2.3.2], the first term .2 Quark can be rewritten as in Eq. (2.147). Omitting the space-time
dependence of the various fields, the second term, .Z,,;, can be expressed as

Lewt = Uy (v + au75) T — V(s — insp) ¥
= U (Pr+ Pr)v" (v + apys) (Pr +Pr) ¥ — ¥ (Pr + Pr) (s — ivsp) (Pr + Pr) ¥

- 1 1 _ 1 1
= Uyt {2@# + ) + 5(7“# - l#)’)’f’)] Uy + Uyt [Q(Zu + )+ 5(771 - lu)%} Ur

_ 1 1 — 1 1
+ Wgy* [z(lu + Tu) + *(Tu - lu)%} Uy + Uyt {2(@ + Tu) + *(7";4 - lu)%ﬁ] Ug

2 2
— Uy (s—ivsp) ¥ — Wp (s —ivsp) g — Vg (s — iysp) U — WR (s — ivsp) YR
= Uy, + Uy r,Ur — U (s —ip) Ur — Ur(s +ip) ¥y , (3.78)

where we defined the left- and right-handed external fields as

(@) = v,(@) — a,(a) | ru(@) = vu(@) + a, (@) (3.79)
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and frequently used the properties (2.143) of the left- and right-handed projection operators. Now, combining
the results (2.147) and (3.78), the Lagrangian in terms of the left- and right-handed quark fields is given by

g&@uark"'gewt = \I’Li’yﬂDN\PL+\T/R7;’7“DM\I/R+¢/L’7HZH\I’L+@R’Y MTM\I/R—‘IIL (S - ’Lp) \I’R—@R(S—f—ip)\l/[/ .

(3.80)
We observe that the scalar and pseudoscalar external fields mix the left- and right-handed quark fields. On
the other hand, this is not a surprising result, since the quark mass matrix which already induced this kind
of mixing in Sec. [2.3.2], is contained in the definition of the scalar external field s(z), Eq. (3.76). Now,
transforming this Lagrangian under local SU(2);, x SU(2)g, we obtain

SU()LxSU(2)r

gO,Quark + gext "go/,Quark + gl

ext
= U, U} (2)iv" D, Up(2) ¥, + U UL (2)in" D Ur(2) U g + LU (2)9"1, UL ()
+ @RU;(x)w”r;UR(x)\IIR — \IILUz(x) (s —ip ) Up(z)¥Rr — \IIRU;%(z) (s' +ip ) Up(x)¥y,
= gO,Quark + \I/Li’}/uU};(LL') [aMUL(LL')] Uy + \IlRi*y“U;;(x) [@LUR(a:)] Up+ \i/LUz(l‘)’yMl:LUL(J})\I/L

+ UL ()97, Ur(2) U — O LU} (2) (8 — ip)) Up(2) Vg — DrUL(2) (8" +ip') UL (2) ¥y .
(3.81)
Using [GMU}:/R(JL‘)} Up/r(z) = —UE/R(x)GMUL/R(x), the invariance of Eq. (3.81) under local SU(2)y X
SU(2) g chiral transformations is guaranteed, if the external fields transform according to

SU@)LxSU@)R

L (x) (@) = Up(2)l,(2)U} (2) + iU (2)8,U] (x) (3.82)

ra(@) 2UPEETOR L ) = Un(@)r, () Ul (@) + iUp()0,U () (3.83)

s(z) + ip(z) *TPEEUOR g0y iy (@) = Un(a) [s(@) + ip(@)| UL (x) | (3.84)
. SU@LXSU@)R 4\ . o\ . t

s(z) —ip(x) — s'(x) —ip'(x) = Up(z) [s(z) — ip(x)|Ug(z) . (3.85)

Obviously, the left- and right-handed external fields have to transform as gauge fields under the local chiral
rotations. This transformation behavior of external fields which are associated with symmetry currents is
not new. In the previous example of a complex scalar theory, Eq. (3.30), it was already shown that the
invariance of the generating functional under local symmetry transformations is connected to a gauge field-
like transformation behavior of the external field j,. Now, the external fields (3.75) are also subject to other
symmetries, since the complete QCD Lagrangian is also invariant under Lorentz and CPT transformations.
The SU(3)¢ color symmetry is trivially satisfied, because the external fields are introduced as color neutral
matrices, i.e., they transform as a singlet under SU(3)¢. In order to determine the transformation behavior
of the external fields under Lorentz and CPT transformations, we proceed in the same manner as for the
chiral rotations. Under proper orthochronous Lorentz transformations®, the quark fields transform in the
(1/2,0) @ (0,1/2) representation of the Lorentz group, i.e., they transform according to

U (x) U'(2') = S(MT(A ), (3.86)
B(2) "8 () = B(A2)S (A (3.87)

where _ .
S(A) = e7dww ™ g = % WY (3.88)

and w,,, contains the group parameters of SO*(1,3). Again omitting the space-time dependence of the fields
and using Eqgs. (3.86) and (3.87), the Lagrangian of the external fields transforms according to

sot(1,3) .,
g@rt — j@zt

TSTHA" (v, + vsa),) S(A)T — USTHA) (" — iysp’) S(A)T
= WS HA)YS(A) (v; + 75a:L) U —US™H(A)S(A) (5" —iysp')
= WAL (v), +y5a;,) ¥ — W (5" —insp ) U, (3.89)

6 The proper orthochronous Lorentz group SOT(1,3) = {A € O(1, 3)\A00 > 1,det(A) = 1} forms a subgroup of the Lorentz
group O(1,3).
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where we used S™1(A)y*S(A) = A% " and the fact that [ys, S(A)]_ = 0. Requiring the SO* (1, 3) invariance
of Eq. (3.89), we obtain

+
v () SO7G43) v, (2) = A, (A ') (3.90)
4q e
an(@) 8 al (') = AVa, (A1) (3.91)
+
s(x) SOZG3) s'(2') = s(A ), (3.92)

.
2) "8V (@) = p(A"a) . (3.93)

Finally, we have to determine the transformation behavior of the external fields under C-, P- and T-
transformations. Due to the CPT-Theorem, we only have to check parity and charge conjugation, because
the symmetry under time-reversal is then automatically satisfied. Under parity, the quark fields transform
as

U (x)

= U(t, —r) (3.94)
(@) = B(t, 1) . (3.95)

Then, using Egs. (3.94) and (3.95), the Lagrangian involving the external fields transforms according to

Lot T Ly = T (0, + alys) 7O — T (8" — iysp) 700

= (=1)WOy* (/7% + a7 O75) YU — T (s'9° — iy Oysp) O

= (=)W Ty" (v), —al,75) U — U (s' +iysp) U (3.96)
where we again omitted the arguments of the fields. Furthermore, we used the anticommutation relations
[v*,75],. = 0 and [’yo,fyi]Jr =0, for i = 1,2,3 and introduced the factor (—1)#). This factor is defined to
be equal to 1 for 4 = 0 and —1 for u = 1,2,3 and originates from the permutation of 4° and * in the
first term of the second line of Eq. (3.96). Now, requiring the invariance of the Lagrangian under parity
transformations, we find

vala) T vl (@) = (1) P, (t, —r) = vi(t, 1) , (3.97)
a,(z) = dl, () = —(=1)Wa,(t, —r) = —a’(t, —1) , (3.98)
s(z) 25 () = s(t, —r) | (3.99)
p(x) 2 pl(a)) = —p(t, —1) . (3.100)

In order to complete the discussion of the transformation behavior of the external fields, we come to charge
conjugation. To this end, it will be useful to consider the transformation behavior of the i-th component of
the quark fields in isospin space. We have

U,(z) -5 CTi(a) | (3.101)
T;(z) -5 Ul(a)C (3.102)

where the transposition ! acts in spinor space and the charge conjugation operator is defined as C = iy2+Y.
Then, omitting the space-time dependence of the fields, the Lagrangian transforms as

Lot =5 L, = WOy (v +al)'ys) CUl — WiC (87" — iysp') CUE
= WIOYC (off + af'2h) W = WICC (517 —intp™) W

= {0, (a5 + o) P 4 {0 (—igsp 4 57) 0y

= Uy (—vid’ + @i s) Wy — U (s — insp™) 05 (3.103)
where we used [vs5,C]_ = 0,[7",75], = 0 as well as 75 = 7§, Cy*C = (v*)" and CC = —14x4. The

additional minus sign in the third line arises from the fact that we interchanged the quark fields which obey
Fermi-Dirac statistics. Furthermore, we are able to drop the !, since the quadratic form is contracted to a
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scalar in spinor space. Finally, using Eq. (3.103), we are able to read off the transformation behavior of the
external fields

vu(a) S vl (2) = 0T (2) (3.104)
a,(x) %5 dly () = aT(2) (3.105)
s(z) - §'(2) = sT(2) (3.106)
pa) -5 p/ (@) = p" (2) , (3.107)

where the T refers to transposition in isospin space.

3.2 The Nonlinear Realization of a Symmetry

In Sec. [2.2.2] we introduced the concept of a spontaneously broken symmetry at hand of the example of a
simple toy model with a discrete internal symmetry, Eq. (2.82). In the Nambu-Goldstone realization, the
potential density developed two distinct minima which correspond to two degenerate vacuum states in the
quantized theory. Then, we decomposed the initial field variable ¢(x) into a constant part, corresponding
to one of the minima of the potential density and a dynamic part, describing the fluctuations of the field
around the minima, Eq. (2.87). In terms of the fluctuation field o(z), the potential density developed a
new cubic term. Due to this new term, it seemed that the Zs-symmetry was not present anymore, since

the Lagrangian (2.88) is not invariant under a Zs-transformation of the fluctuation field o(z) EZN —o(x).
Actually, the Lagrangian (2.88) is still Zs-symmetric, because Eq. (2.87) requires that the fluctuation field

transforms according to o(z) N —o(z) F 2p9. Based on this observation, we concluded that the initial
symmetry is not broken but hidden, since the symmetry is now realized in a nontrivial way.

It is possible to extend these considerations to models with continuous symmetries and in general, it
turns out that the new realization of the symmetry is a nonlinear one. The aim of this section will be a brief,
but also quite general introduction to the concept of nonlinearly realized symmetries. Since this framework
is closely connected to the spontaneous breakdown of a continuous symmetry, it is not surprising that the
Nambu-Goldstone bosons will play a crucial role in the following discussion. In fact, this approach allows a
systematic expansion of the Lagrangian in powers of Nambu-Goldstone boson momenta, which makes the con-
cept of nonlinearly realized symmetries a powerful tool in the construction of phenomenological Lagrangians.

In order to keep the discussion general, we consider a theory whose Lagrangian % (¢, (z)) is invariant
under the space-time independent transformations of an arbitrary compact, connected, semisimple Lie group
G, acting linearly on the fields

da(z) 5 0, (2) = gupd’(x) , for g € G . (3.108)

Now, we expect that this symmetry group G is spontaneously broken down to a continuous subgroup H C G.
In addition to that, we require the symmetry transformations h € H to leave the vacuum expectation values
¢0,q invariant, i.e.,

Po.0 5 b0 = havd = do,a Vh € H . (3.109)

Finally, we denote the generators of the subgroup H as TZ-(H),i =1,...,dim(H). The remaining generators
of G shall be denoted as T, i = 1,... ,dim(G) — dim(H), and should be chosen in a way that the

il )
{Ti(H), Ti(,G\H)} form a complete set of all generators of G. Since G is a compact Lie group, it is possible to

choose a basis for the generators, in which the structure constants f,,,, are totally antisymmetric. Without
the loss of generality, it is possible to choose this basis in a way, so that we are working with a real
representation of G. This implies that the generators are purely imaginary and antisymmetric. Additionally,

the generators fulfill the following commutation relations”
[T;Hﬁz}(mk =if i, (3.110)
[T;Hh jF,G\Hq_ —if, F T (3.111)
[Tf,G\H), Tj(,G\H)} =iy T i b (3.112)
7 From now on, we use the indices , j, k, . . . to label objects connected to the subgroup H, while the primed indices ', j/, k/, . ..

label objects which are connected to the coset space G\ H.
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Relation (3.110) originates from the fact that H is a subgroup of G, so that the generators {Ti(H)} of H

form a closed subalgebra. From this commutation relation also follows that the f;;i are equal to zero, as
they would otherwise appear on the right-hand side of Eq. (3.110). The antisymmetry of the structure
constants requires that the f;z/; also vanish, so that we obtain Eq. (3.111). The last commutation relation

(3.112) is a general expression, since the {Ti(,G\H)} in general do not need to form a closed algebra.

Following Ref. [Wei2], we express an arbitrary field configuration ¢(z) as a transformation $(z) € G

acting on a field configuration ¢(x) from which the Nambu-Goldstone modes have been eliminated

pa(x) = 2(2)apd () . (3.113)
The condition that g(a?) does not contain Nambu-Goldstone boson fields can be formulated as follows. First
of all, we have to remember the discussion of the Goldstone theorem in Sec. [2.2.3]. In this context, we
concluded that the massless excitations, i.e., the Nambu-Goldstone bosons, are contained in the linearly

independent eigenvectors T(G\H )i/q% of the mass matrix with vanishing eigenvalues. Then, if the (;_5)(:13) do
not contain the Nambu-Goldstone ”directions” in field space, they should be orthogonal to the massless
eigenvectors. Thus, this condition may be written as

Ga(@) (T )y, =0, (3.114)

where the index i’ labels the respective generator which does not annihilate the vacuum. Therefore, the
number of independent conditions (3.114) is given by the dimension of the coset space G\H. The validity
of Eq. (3.114) can be illustrated by considering an explicit example: At the beginning of the discussion of
Goldstone’s theorem, we started with a scalar field theory (2.99), whose initial SO(2) symmetry was spon-
taneously broken by picking a non-vanishing vacuum expectation value (2.108). This vacuum expectation

value can be interpreted as ¢. The spontaneous breakdown of the SO(2) symmetry generated one Nambu-
Goldstone boson associated with one broken generator (2.117). The massless eigenvector corresponding to
this Nambu-Goldstone mode was given by Eq. (2.118). It is obvious that the condition (3.114) is satisfied
by Egs. (2.108) and (2.118). It should be mentioned that it is always possible to find a suitable ¥(z) € G
such that Eq. (3.114) is satisfied.® Another important observation is that Eq. (3.114) is not only satisfied

by ¢, since
Bo(z) = & (z) = [5ab+mi (T<H>i) }qzb(@ (3.115)

ab
is also a solution. This statement can be proven by inserting Eq. (3.115) into Eq. (3.114). Omitting the
matrix indices in field space, we obtain®

-

(;/T(x)T(G\H)j’qg’O _ [(Z;T(x) _ iAi$T<x)T(H)i} TG\’ 5

—

— ¢ ()TN §y — iA;§" () THIT (OIS G
— —iMid" () {T(H)ivT(G\H)j/} o
—0, (3.116)

where we used the antisymmetry of the generators in the first line and eliminated the first term of the
second line by exploiting Eq. (3.114). The expression in the third line can be obtained by inserting

iAigT(x)T(G\H )j'T(H)iqgo, which is obviously equal to zero, because the generators of H annihilate the
vacuum expectation value. Finally, we can use the commutation relation (3.111), which yields an expression
proportional to Eq. (3.114). The importance of this result is based on the fact that Eq. (3.115) is the

infinitesimal form of an H transformation of q? Therefore, using Eqgs. (3.113) and (3.115), we conclude that
3 (x) is only determined up to a right multiplication by an element h(x) € H.

This allows us to arrange the group elements of G into so-called equivalence classes!’. Each of those
equivalence classes contains those elements of G, which only differ by a right multiplication of an h(x) € H.
This is exactly the definition of the right cosets of H in G. Therefore, in order to find a parametrization
of ¥(z), we have to find a parametrization for the coset space G\H. The discussion of the Goldstone

8 A proof of this statement can be found in Ref. [Wei2].

9 Here the T stands for the transposition of the respective vector in field space.

10 This is possible, because the ¥’s fulfill equivalence relations, i.e., &;(z) and X;(z) are equivalent, if $;(z) = Z;(z)h(z). It
is obvious that this relation is reflexive, transitive, and symmetric.
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theorem showed that the number of the Nambu-Goldstone bosons is given by the dimension of the coset
space G\H. Therefore, we are able to use the fields, describing the Nambu-Goldstone bosons, as the
coordinates of the coset space. In fact, it is not surprising that the Nambu-Goldstone bosons arise in the
parametrization of ¥(x). This information was already contained in Eq. (3.113), because we expressed a
general field configuration as a transformation of X(z) acting on a field, from which the Nambu-Goldstone

modes have been eliminated. Since the field $(x) does not contain the information about the massless
excitations, these degrees of freedom must be contained in the transformation X(z). In order to obtain a
possible parametrization of (), we can use the fact that in the vicinity of the identity an arbitrary element
g(x) € G can be decomposed as

g(x) = T @u T ic@) T (3.117)

where the 7(z); and the {(x); are a set of group parameters. Since we know that ¥(x) is only determined
up to a right multiplication of a h(xz) € H, a possible parametrization of X(z) is given by

. (G\H)I'
E(I) _ ezw(z)l/T

= X(mp(x)) . (3.118)
Up to normalization factors, the group parameters 7(z);s can be identified as the Nambu-Goldstone boson
fields. The definition ¥(z) = (7 (x)) shall remind us that the transformation ¥ is in principle a continuous
function of the Nambu-Goldstone fields. It should be mentioned that Eq. (3.118) provides only one possible
parametrization of the coset space G\H. In order to investigate the transformation properties of ¥(m (z))
under G and H transformations, we have to come back to the linear transformation properties of the fields
¢o(2) under the group G. Inserting Eq. (3.113) into Eq. (3.108), we obtain

a() 55 0,(2) = gurd"(2) = gaa=(my () e () - (3.119)

It is obvious that the transformation g,qX% (7 (z)) is an element of G. Therefore, this transformation must
be in the same right coset as ¥/, = Yg,(m}, ()), so that

9ad=% (my (1)) = Zae () (2)) 1 (0 (), 9) - (3.120)

This transformation can be rewritten by multiplying Eq. (3.120) with the inverse H transformation from
the right. The transformation behavior of X (m; (z)) can therefore be written as

Sap(7(2)) =5 Sap (1) () = gae Dm0 (2))hg (mr (), ) (3.121)

Before we illustrate Eq. (3.121) by means of an explicit example, we use the above results to show that
the transformation behavior of the massive fields ¢, () under G is fully determined by their transformation
properties under the unbroken subgroup H. To this end, we start again at the left-hand side of Eq. (3.119)
and write the transformation of a general field configuration ¢,(x) as

da(w) %+ ¢, (2) = Sap(m)s ()8 () (3.122)

where we used Eq. (3.113). On the other hand, we can use Eq. (3.120) in Eq. (3.119) to obtain

Sa(@) L5 0, (2) = Sae () () h (w0 (), 9)de(x) - (3.123)

Since the above equations should describe the same transformation, we are able to identify the transformation
properties of the massive fields by comparing Eqgs. (3.122) and (3.123)

a() 5 G (2) = hap(m(2), 9)8"(x) - (3.124)

Obviously, under global G' transformations, the massive field configuration ¢4 (x) transforms linearly under
a local transformation of the unbroken subgroup H.

As mentioned before, we now consider an explicit example to illustrate the abstract transformation be-
havior (3.120). To this end, we consider the rotation of a three-dimensional real vector in space and set
G = SO(3) and H = SO(2). In this case, the coset space G\H = SO(3)\SO(2) is isomorphic to the 2-sphere
S? which is a curved manifold. Now, we conslder a vector @y of unit length, pointing onto the point M.
This vector can be interpreted as the vector ¢(x). In order to obtain an arbitrary 3-vector of unit length
P4, we can rotate the vector @ys by applying an SO(3)\SO(2) transformation. It is obvious that the vector
@4 is associated with the arbitrary field configuration ¢(z), while the SO(3)\SO(2) rotation plays the part
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of the transformation 3(m (z)). Finally, we can apply a second transformation and rotate the vector from
A to another point 7', which is described by the unit vector gr. In the context of the above discussion, this

second rotation is given by the space-time independent G transformation acting on ¢(z), Eq. (3.119).

But instead of rotating the vector from M to A and then to T', we are able to find a rotation that directly
rotates the vector from M to T. These two cases are depicted in Fig. [3.1]. The direct rotation can be
understood as the transformation (7}, (x)). In general, the transformations, describing the two different
ways of rotating the vector from M to T are different. However, it is possible to express the rotation from
M to A to T as an SO(2) transformation which rotates the vector @y about itself, followed by the direct
rotation from M to T'. This compensating H = SO(2) transformation ensures, that the two transformations
become the same, as already indicated by Eq. (3.120).

Figure 3.1: Two ways of rotating the vector @as from M to T.

Up to now, we investigated the transformation behavior of ¥(m; (z)) under general G transformations.
In the following step, we can turn to the case where the G transformation is also an element of H, i.e.,
g =h € H C G. To this end, we consider the transformation of the broken generators under global H
transformations

RO = (14 i T T (1 — iy T
= TN iy [T, T

= A(h) TN (3.125)

where we used Eq. (3.111) and neglected terms of order O(a?). Obviously, the broken generators transform
according to a linear representation Z(h); of H. It is also possible to choose the m(z), describing the
Nambu-Goldstone boson fields, in a way that they transform according to a linear representation of H under
global H transformations. Using the parametrization (3.118) of the coset space and exploiting the total
antisymmetry of the structure constants, we find

WS (my (2))h~! = (11 + ioij(H)j) (11 +im (x)T<G\H>k’) (11 - ka<H>’€)
=1—a,;m(x) {T(G\HW, T(H)]} + i () T(GDF

= 1+ iR(h) jprr® (2)TEDT
= S(R(h) " (2)) (3.126)

where we again used Eq. (3.111) and neglected terms of order O(a?). Comparing this result with Eq. (3.121)
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and remembering the derivation of Eq. (3.124), we obtain
() 5 7 (1) = B (), Galz) 2 @l (x) = hapd®(2) . (3.127)

It is quite obvious that the transformation behavior of 7y (x) and ¢, (z) simplifies enormously, when we
consider the case ¢ = h € H C G. As mentioned above, we see that the Nambu-Goldstone boson fields
transform linearly under a representation Z(h) of the unbroken subgroup H. In addition to that, Eq. (3.127)
shows that the massive field configuration transforms according to h € H itself.

Up to now we investigated the transformation behavior of ¥ (7 (z)) and ¢(z) under general G transfor-
mations and under transformations of the unbroken subgroup H. Another important point is the question
how the Nambu-Goldstone bosons enter the Lagrangian. At the beginning of this section, we started with
a Lagrangian £ (¢, (z)) which is invariant under global G transformations. In general, such a Lagrangian
contains terms involving derivatives of the fields ¢,(z) and terms without derivatives. Using Eq. (3.113), we
are able to replace the general field configurations ¢, (z) by the local G transformation ¥, (7 (z)) acting on
the matter fields ¢°(z). Since the initial Lagrangian is globally G invariant, the transformation Yup (7 (z))
and therefore the Nambu-Goldstone bosons will not enter the Lagrangian through terms without derivatives.
Obviously, the terms we are interested in are those involving derivatives of the field configurations ¢,(x).
With Eq. (3.113), the 4-gradient of the fields ¢, (z) can be written as

au¢a(x) =0, (Zab(ﬂ'l’(x))éb(x))
= [0 Bap(mr ()] ¢°(2) + Sap(m ()9, 6" ()
— _ bC —
= Sap(m(2) |96 (@) + (57)" (m0 () [0 Zealmr () 6(2)| - (3.128)
It is obvious that the Lagrangian becomes a function of the matter fields ¢, () and their derivatives 0,,¢,(z).
In addition to that, the matrix X! (7 (2)) [0, X (7 (x))] enters the Lagrangian. Since this matrix is an object
defined in the algebra of G, it can be decomposed as

= (2)) 0, (mw () = ATy OGN ol (3.129)

where the coefficients of the above expansion are given by

CISG\H)i/ _ C(G\H)i/j/(m/(gc))ﬁuﬁj/ (), (3.130)
ClSH)i = cHi (g, (2))8mjr () - (3.131)

This means that the Nambu-Goldstone boson fields 7/ (z) enter the Lagrangian through the appearance of
the matrix X7 (my (2))0,E(my (z)). More precisely, the coefficients (3.130), (3.131) are responsible for the
occurrence of the Nambu-Goldstone boson fields.

An important point is that for exact broken symmetries each term of the Lagrangian containing Nambu-
Goldstone bosons involves at least one derivative of the respective fields. The physical meaning of this fact
can be understood, if we translate the derivative terms of the Lagrangian into momentum space. There, the
derivatives become momenta and we are able to conclude that the interaction of Nambu-Goldstone bosons
among themselves and among matter fields becomes arbitrarily weak for small momenta and vanishes for
zero momentum.

Another important consequence is that mass terms for the Nambu-Goldstone bosons are forbidden by the
symmetry of the Lagrangian, since each term must involve at least one derivative. At this point, it should be
taken into account that this situation changes, when the spontaneously broken symmetry was not exact. In
this case, the Nambu-Goldstone bosons are able to generate terms without derivatives, so that mass terms
and interaction terms without derivatives are possible. It will also turn out that the masses, generated by
the Nambu-Goldstone bosons, are small.

An example for this phenomenon is given by Quantum Chromodynamics: If we consider the QCD La-
grangian for the two lightest quark flavors up and down, the symmetry group is given by G = SU(2)y x
SU(2) 4.** However, this symmetry is not an exact symmetry, since the masses of the up and down quark are
different. Therefore, an explicit symmetry breaking is introduced quite naturally into the QCD Lagrangian.

1 Note that there is also a U(1)y symmetry which is associated with the baryon number conservation, compare the discussion
at the end of Sec. [2.3.2].
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As mentioned in Sec. [2.3.2], this approximate symmetry is spontaneously broken down to its diagonal
subgroup H = SU(2)y. The Nambu-Goldstone bosons, associated with this symmetry breaking pattern, are
the three pions {ﬂi, 7r0}. Since the initial symmetry group G = SU(2)y x SU(2) 4 was not exact, the pions
are not massless, but significantly lighter than all other hadrons of the QCD spectrum. Later in Chapter [4]
we will see other examples for this phenomenon.

Now, let us turn back to the situation where the initial symmetry under G is exact. We saw that the
Nambu-Goldstone boson fields and their derivatives enter the Lagrangian through the expansion coeflicients
(3.130) and (3.131). Therefore, the transformation properties of these objects under global transformations
of the group G become interesting. In order to investigate their transformation behavior, we transform
the matrix ¥~ (m (2))9, X (7 (x)) under global G transformations. Using Eq. (3.121) and omitting the
space-time dependence of the Nambu-Goldstone boson fields, we find

7 ()0 () <5 37 ()05

= [92(m)h " (m,9)] " Oy [9(m)h " (mr, )]

= h(mug) (m/ 97 9 {[0,2(m) W~ (mir, g) + B(mr)Ouh ™ (mr, 9) }
W, g) (B (m) 0,2 (m)| b= (e, g) + h(mir, )k ™ (e, g)
h(m, g) [E Ym)0,2 m/)] Y, g) = [0uh(me, @)l W7, 9) (3.132)

where we used 0 = 0, [h(my, g)h ™ (7, 9)] = (7, 9)0uh™ (7, g) + [0uh(7r, )] K~ (mr, g) in the last line.
Now, we can insert the decomposition (3.129) into the left- and the right-hand sides of Eq. (3.132)

i M en N or i = )[iT.ﬁG\mc(G\HW+z‘T§H)C;H>Z} h=(my, g)

— [0k, 9)l A (7, g)
= ih(my, ) TSN D =Y (0, g) + i, g) T O (0, g)
— [Ouh(mr, g)] ™ 1(m/,g) : (3.133)

In order to obtain the transformation behavior of OﬁG\H)i and C';(L}Ll)i7 we have to compare the coefficients of

(G\H)

the generators 17, and TZ-(H). This procedure is valid since these two sets of generators are independent

of each other. We find

T;(/G\H)CL(LG\H)i’ G, Ti(/G\H)C;L(G\H)i’ _ h(ﬂ_l/’g)Ti(/G\H)C,(LG\H)i/h—l(ﬂ_l/’g) 7 (3.134)
i G i i1 — . _
el L g = p(my, o) T CHE BT (w0, g) + i [0,h(m, )| (mr,g) . (3.135)

The above transformation properties can be studied in more detail. Using the commutation relation (3.111),
Eq. (3.134) can be written as

Ti(’G\H)C;L(G\H)i/ _ h(ﬂl/, g)TZ‘(IG\H)hfl(7r , )C(G’\H),i’
= |:]]' + 7:0(,'(7('[/ )T(H) :| (G\H) |:]]. - iOéj(ﬂ'y )T(H :| O(G\H)z
= {TZ(/G\H) + ’I:Oéi (7‘(‘1/, g) |:T(H)7" 1';(/G\H):| } OﬂG\H)'L'

= Ry (h(m,9)) CLENDT TN (3.136)

where we neglected terms of order O(a?). It is also possible to rewrite Eq. (3.135). Using the commutation
relation (3.110), one finds

) C'L,(H)Z = h(ﬂ—l’ )T'(H)C(H)ih_l(ﬂ-lU g) +i [allh‘(ﬂ—l’a g)] h‘_l(ﬂ-l/a g)
= W, )T by, )OS — T 5]
|:I|. + iOéj (7Tl’; g)T(H)]] Tz(H) |:]]. - iak(m/, g)T(H)ki| CI(LH)Z - TVZ(H)(KIZL

= %ij (h(my, g)) CHITHI T<H)<gl. (3.137)
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In the second line of the above calculation, we decomposed the object [0,h(my, g)]h~! (7, g) similarly to
Eq. (3.129)
(0uh(, g)] 7 (e, g) = AT DG =T EY (i () Dy () (3.138)

Obviously, the quantity (3.130) transforms in a similar way as the massive field configuration ¢(x). More
precisely, the transformation behavior under global G transformations is determined by a local H trans-
formation h(my,g), even though in a different representation of this transformation. In the transformation
behavior of Eq. (3.131) arises an additional term which is proportional to the 4-gradient of the local H
transformation. Finally, we can study the transformation properties of the 4-gradient of the massive field

configuration ¢(z). Using Eq. (3.124), we find

=4

0,0(x) %5 0,9 (x)
= [0uh(m. 9)] D) + (m' 9)0,(x)
= h(mr,9) {0u6(@) + h ™m0, 9) [Duh(rr, )] Bl) } - (3.139)

The last term of the above equation is of the same form as the additional term in Eq. (3.135). Therefore,

this term can be compensated by defining an appropriate covariant derivative of the matter fields g(:c) We
choose . . . B
Dyd() = 0,(x) + il CMig(z) . (3.140)

It is obvious that this object transforms in an analogous manner as Eq. (3.124) under global G transforma-
tions

D) % (Dud(a))
= 0,9/ (2) +iT D O ()
= hl(m,9) {0u(@) + h ™ (70, 9) [Duh(mr, )] Gl }
+ i {(m, T O R (i ) + 0, 9) ™ (70, 9) | B, ) (a)
= h(1r,9) [Bud(@) + T CL ()]
— h(mr, g)Dyu(z) | (3.141)

where we used the results (3.135) and (3.139). It should be mentioned that it is possible to construct higher
covariant derivatives which transform in the same manner, see Ref. [Wei2].

Theﬂimportant point is now that an H invariant theory which is constructed from the massive field
vector ¢(z), its covariant derivative D, ¢(x), and the coefficients CP(LG\H)Z/, is automatically invariant under
the whole symmetry group G. This means that the theory "remembers” its initial spontaneously broken
symmetry group, so that the only difference between the broken and the unbroken symmetry group is given
by the realization of the symmetry. For the unbroken subgroup H this realization is linear, while on the

Nambu-Goldstone boson manifold, i.e., the coset space G\ H, the realization is nonlinear.

At the end of this section, we apply this formalism to the case of two-flavor QCD. In Sec. [2.3.2], we
already introduced the chiral symmetry of Quantum Chromodynamics. We saw that the fermionic part of
the QCD Lagrangian with N, quark-flavors has a global SU(Ny)y x SU(Ny)4 x U(1)y symmetry for van-
ishing quark masses. Since the U(1)y symmetry is related to the conservation of the baryon number and not
important for the current discussion, we restrict ourselves to the remaining SU(Ny)y x SU(Ny)a symmetry.
Now, in the real world, the quarks are not massless. But in case of two-flavor QCD the masses of the up
and down quark are vanishingly small compared to a typical energy scale Agcp ~ 1 GeV. Therefore, we are
dealing with an approximate SU(2)y x SU(2)4 chiral symmetry of the quark part of the QCD Lagrangian
(2.133). In the previous discussion of Sec. [2.3.2] of the chiral symmetry, we started by projecting the quark
field onto its left- and right-handed components. We saw that these left- and right-handed quark fields can
be rotated independently of each other, resulting in an SU(2);, x SU(2)g'? symmetry which is isomorphic
to SU(2)y x SU(2)a.

2From now on, we will take the general results of Sec. [2.3.2] for the special case Ny =2.
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In this section, we will take a slightly different way in order to obtain the desired results. First of all,
we recognize, that in the chiral limit m = 0, the fermionic part (2.133) is invariant under the following
transformation of the quark field

where ¥(z) = (u(z),d(z))T. In addition to that, the vector and axial-vector generators are defined as

SURVXGURIA 1 () = emiavaaTE—i0asTiy () a,b=1,2,3 , (3.142)

Te =192, (3.143)
Ti =1y , (3.144)

where 7% are the usual Pauli matrices. The numerical factor 1/2 is chosen, so that Tr (T“}/AT‘Z}/A) =6/2.

Using Noether’s theorem (2.21), we obtain the same conserved currents (2.155) and (2.156) as in the previous
discussion in Sec. [2.3.2]. Now, we define new generators which project only on the left- and right-handed
parts of the quark field ¥(x)

T¢ =PLTE (3.145)
Tg = PrTE (3.146)

where Py, and Pg are the left- and right-handed projection operators, cf. Eq. (2.142). These generators
fulfill the SU(2)r x SU(2)r Lie algebra, since

[T, T7] = ie® Ty, (3.147)
[Th T =i Tr. , (3.148)
[TE,Th] =0 (3.149)

The relations (3.147) and (3.148) follow from Eq. (2.143) and the SU(2) Lie algebra which is satisfied by
the Pauli matrices, compare App. [6.1.2]. The last commutation relation follows from the fact that the
projection operators project onto orthogonal subspaces, i.e., PLPr = PrPr = 0. It is obvious that the
vector and axial-vector generators (3.143), (3.144) are connected to the left- and right-handed generators
(3.145), (3.146)

TG =T¢ + T8 T¢ = T8 — T2 . (3.150)
Using the commutation relations (3.147) - (3.149), we can show that
[T¢, TV =i Ty, , (3.151)
[T¢, T4] _ =ie®*Ty, , (3.152)
(T4, Th]_ =ie" Ty, . (3.153)

The above commutation relations form the Lie algebra of SU(2)y x SU(2)4. These relations are of the
same form as those we started with in our general discussion at the beginning of this section. Comparing
Egs. (3.151) - (3.153) with Eqgs. (3.110) - (3.112), we see that the fs;/5» vanish in the case of chiral
SU(2)y x SU(2)4. Therefore, the coset space SU(2)y x SU(2)4\SU(2)y is called a symmetric space.
Following the same steps as before in the general case, we write a general SU(2)y x SU(2) 4 transformation
g(x) as
g(x) = e ma@TigmiavaTy (3.154)
Since the second exponential in Eq. (3.154) is a transformation of the unbroken SU(2)y subgroup, we
identify
S(x) = e~ tma(@TA (3.155)

as the transformation which represents each right coset of SU(2)y x SU(2)a\SU(2)y. Again, the group
parameters 7, (z) are, up to a normalization factor, identified with the Nambu-Goldstone bosons fields,
i.e., the fields describing the pion triplet {ﬂ'i,ﬂ'o}. The transformation behavior of Eq. (3.155) is fully
determined by Eq. (3.120), so that

. . b . . .
e—zozv)a,T‘(}—’LOéA,bTAe_'”ra(m)Tz — e_lﬁ;(m)Tze_zo‘VﬁT\%’ . (3156)

Using Eq. (3.150), we are able to rewrite the above equation as follows

etar.a T —ioan o Th o—ima (@) (TR —=TF) _ o—in, (2)(TF=TF) p—iav.a(2)(TE+TR) (3.157)
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According to Eq. (3.149), the left- and right-handed generators commute, so that the four exponentials in
Eq. (3.157), involving linear combinations of those generators, can be factorized. Then, in general, each of
the eight exponentials is of the following form

Upp(x) = e "@e@Tim 3.158
/

where the &, denote the different group parameters. Using Eq. (2.143), the above exponential can be written
as

Up/r(x) = (PL + Pr) Upr(z)
= (Pr + Pr) (1 —iaaPr/rTy — .. .)
= Prire "%V + Pryp, (3.159)
where we used Egs. (3.145), (3.146), and the fact that the P,z project onto orthogonal subspaces. Applying
this general consideration to Eq. (3.157), we obtain
{PLe*m“T& + PRe*mR’aTﬁ] [PLe”a@)Tﬁ + PRe’”“(z)Tﬂ

_ [rPLeiTr;(x)T{} + PRe_iﬂ;(x)T‘c}] [pLe—iozv,a(ﬂc)T“} + PRe—iav,a(ﬂf)T“}} ) (3160)

The above equation can be divided into two parts, one part proportional to Py, and another part proportional
to Pr. The left-handed part of Eq. (3.160) is given by

e_iOCL,aT\(;eiﬂ'a(x)T{; — eiW;(Qf)T\(}e_iaV,a(x)T\(; . (3161)

For the right-handed part, we obtain a similar expression

e_iaR,aT\L;e_iﬂ'a(a:)T\L} — e—iﬂ;(w)T{}e—iavya(;v)T& ) (3162)

In order to solve Eq. (3.162) for the exponential including the transformed Nambu-Goldstone boson fields,
we multiply Eq. (3.162) from the right by the inverse of Eq. (3.161). Defining

U(z) = e~ Zima@TV (3.163)
we obtain the following transformation behaviour of U(z)

U(z) SU(2)V_><A>9U(2)A Ul(x) _ URU(x)Uz , (3.164)

where we used Eq. (2.148) to identify the left- and right-handed transformations. It should be taken into
account that the canonical parametrization (3.163) of the coset space is only one possible parametrization.
In the special case of Ny = 2, the coset space can also be parametrized by

_ L
 fx

where o(z) = fr\/1 —72(x)/f2 and fr ~ 93 MeV is the so-called pion decay constant. This parametriza-
tion originates from the fact that the unit sphere embedded in 4-dimensional Euclidean space, S% =
{x € R¥xTx = 1}, is diffeomorphic!? to the group space of SU(2). Then, we can use that every unitary, uni-
modular (2 x 2)-matrix U can be decomposed as U = Xy lax2 +i%7", in which Y = (U, U, Us, %3)T € R*
defines a unit vector. Finally, identifying (o, 771,7r2,7r3)T = fr (U, 2, U, %g)T and solving UTU =1 for
o, we are left with Eq. (3.165). A very important point in this context is that the physical quantities, i.e.,
the scattering matrix elements as well as the n-point functions, are not affected by the choice of the coset
parametrization, compare Ref. [ScSc].

U(x) [o(2) +im(z)7'] | (3.165)

3.3 The Chiral Lagrangian up to O(p?)

To conclude this chapter about ChPT, we finally have to use the results of the previous sections in order to
illustrate the construction of the chiral Lagrangian. To this end, we begin to introduce the main building
blocks of the chiral Lagrangian. In general, it will be possible to construct an infinite sequence of terms
which satisfy the required symmetries of QCD. Therefore, we have to introduce a classification scheme for
these terms, which will lead us to the so-called chiral expansion. Then, using this approach, we construct
the leading and next-to-leading order terms of the chiral Lagrangian.

13 A mapping f : M +— N between two manifolds M and N is said to be a diffeomorphism, if f is a bijection with the
property that f and its inverse f~1 are differentiable. If such a diffeomorphism exists, then the manifolds M and N are said
to be diffeomorphic.
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3.3.1 Basic Objects and Chiral Expansion

As a starting point for the motivation of the main building blocks of the chiral Lagrangian, we have to go
back to the hadronic n-point functions. In the first section of this chapter, we introduced two important
properties of these n-point functions, which will help us to understand the emergence of the basic objects of
the chiral Lagrangian. In Sec. [3.1.1], we studied the pole structure of an arbitrary n-point function. It was
shown that these functions will always develop a pole, whenever it is possible to create an on-shell intermedi-
ate particle. Furthermore, this pole can be interpreted as a propagator of the intermediate particle, compare
Eq. (3.22). In the language of QCD this means that in the low-energy regime, all hadronic n-point functions
are dominated by the pole which arises from the existence of the pion. The physical interpretation of this
fact is that, at low energies, all hadronic processes are determined by the exchange of pions. Therefore, it
seems to be quite intuitive to describe the low-energy regime of QCD by an effective field theory with pionic
fields as dynamical variables.

The implementation of the pion fields is realized by using the formalism of Sec. [3.2], namely by using
the nonlinear realization of SU(2)y x SU(2) 4. At this point, we do not want to restrict ourselves to a special
parametrization of the coset space SU(2)y x SU(2)a\SU(2)y, so that the SU(2) matrix, containing the
pion fields will be simply denoted as U(x). Since the chiral Lagrangian should fulfill the same symmetries as
the original QCD Lagrangian, it will be useful to study the transformation behavior of () under local'*
SU(2), x SU(2)g transformations, under proper orthochronous Lorentz transformations, and under CP-
transformations!®. In addition to that, there is the local SU(3)¢ color symmetry of the QCD Lagrangian.
But this symmetry is trivially fulfilled, since the dynamical variables of ChPT are mesonic fields, which
transform as color singlets under the QCD gauge group.

The transformation behavior of U (z) under local chiral rotations is given by

U'(z) = Ur(z)U(2)U] (z) , (3.166)
which simply describes a generalization of Eq. (3.164) to local left- and right-handed rotations. For proper
orthochronous Lorentz transformations, the transformation behavior becomes quite simple, since the matrix
U(z) describes pseudoscalar fields. We find, cf. Eq. (3.93),

SO0t (1,3)
—

U(x) U@y =UN"'z) . (3.167)

Finally, the transformation properties under the discrete symmetries are given by, cf. Egs. (3.100), (3.101),

Ua) S U (x) =UT(2) | (3.168)
Ut,r) S u' ) =utt, -r) . (3.169)

In order to illustrate the above relations, we consider the canonical parametrization (3.163) of the coset
space SU(2)y x SU(2)a\SU(2)y and define ®(z) = —2m,(z)T}}. Since the pionic fields are pseudoscalar
fields, the SU(2) matrix ®(x) should have the same transformation properties like the pseudoscalar current

Dyj(x) = Wiy P - (3.170)

Under charge conjugation and parity transformations, this object transforms as ® <, @7 and & 25 —.
Inserting these relations back into the exponential, we finally end up with Egs. (3.168) and (3.169).

At the beginning of the discussion concerning the transformation behavior of the matrix U (z), we stated
that the chiral Lagrangian should be invariant under local chiral rotations. This statement requires some
explanations which automatically will lead us to further main building blocks of the chiral Lagrangian. To
this end, we remember that the hadronic n-point functions not only have an important pole structure, but
also fulfill symmetry relations among themselves, the so-called WFT identities. In Sec. [3.1.3], we used an
explicit example to show that these symmetry relations manifest themselves as an invariance property of the
generating functional, i.e., they hold if and only if the generating functional remains invariant under local
transformations of the symmetry group in question.

14 The necessity of local chiral transformations originates from the WFT identities which have to be fulfilled by the hadronic
n-point functions. This important point will be discussed in more detail in a moment.

15 Of course, the QCD Lagrangian is also invariant under time-reversal transformations, but due to the CPT-theorem, we
will only focus on CP-transformations.
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At the end of this section, we saw that the application of this approach requires the appearance of
additional terms in the QCD Lagrangian, see Eq. (3.74). These additional terms contain quark/anti-
quark bilinear forms which are coupled to external fields (3.75) and enable us to derive the hadronic n-point
functions directly from the new generating functional of QCD (3.77). Finally, it was shown that the resulting
Lagrangian admits a local chiral symmetry, so that we are able to analyze the chiral WFT identities. It
is therefore not surprising that these external fields should also enter the chiral Lagrangian. And in fact,
besides the matrix U(z), they form the main building blocks of the chiral Lagrangian. To this end, we define
the field-strength tensors for the left- and right-handed external fields

-f,u.l/ ( ) (:L') - 8VZ,LL(I) —1 [l#(l’), lv(x)], P (3171)
FiP (@) = 8m<z) — Oyry(x) — i [ru(x), ru(@)]_ (3.172)

The scalar and pseudoscalar external fields will be summarized as
x(x) = 2By [s(z) +ip(x)] , (3.173)

where the constant By is proportional to the scalar quark condensate, compare Ref. [ScSc]. The transfor-
mation properties of Eqgs. (3.171)-(3.173) under the various symmetry transformations follow immediately
from those of the external fields. Using Egs. (3.82) and (3.83), we find

(2)L XSU 2)R

D) S @) = 0 VL@l (@)U} (@) + iU @)8,U} (2)| = 0, [UL @)l (@)U] (2) + iU (2)0,U] ()|

g [UL(x)lM(x)Uz(:v) +iUL(2)0,U} (), Up (2)l, (2)U (z) + iUL(x)aVU;(x)} i
= UL(@) [0l (@) = Duli(@) = i (). 1 ()] _| U] (a)
=Up(2) £ (2)U] (x) (3.174)

and similarly

SU(Q)ﬁU(2)R

B () T () = 0, |Un(@)ru(@)UL(@) + iUR(2)0,Ul()| = 0, [Un(@)ru(@)Uk (@) + Un(2)0,Uf ()]
— i [Un(@)r(@)U}(@) + iUR(@)0,U (@), Un(@)r, (2)Uf() + iUn(2)0, UL (x)|
= Un(@) [Our(@) = 0,1u(@) = i @), 1 @) | Uk (@)

= Ur(a) f{P(2)U} () , (3.175)

where we frequently used that (3HU}:/R(CC))UL/R($) = —UE/R(x)GMUL/R(x). Under proper orthochronous

Lorentz transformations, the left- and right-handed field-strength tensors transform as a Lorentz tensor, i.e.,

.
JLE1 2O LI o) = AN S (A ) (3.176)

where we used the definitions (3.79) in combination with Eqgs. (3.90) and (3.91). In order to derive the
transformation behavior under charge conjugation and parity transformations, we have to start from the
left- and right-handed external fields. From Egs. (3.79) and (3.104), (3.105), respectively (3.97), (3.98) we
find

Lu(z) -5 U () = —rT (@) (3.177)
ru(x) 5 v (2) = —1T(x) (3.178)
and
Lu(tr) 5 1t x") = (=)W, (¢, —1) = r4(t, —1) | (3.179)
ru(tr) s (6 r) = (1)W1, (1, —x) = 1#(t, —1) . (3.180)
Combining the results (3.177)-(3.180), we finally obtain
I3/ @) 5 g5 (@) = T (@) (3.181)

P v
St r) = fL (Ex) = R (¢, —r) (3.182)
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as transformation properties of the left- and right-handed field-strength tensors. Finally, we are left with
the transformation behavior of the scalar/pseudoscalar matrix y(z). According to Eq. (3.84), this object
transforms in the same manner as the matrix ¢ (x) under local chiral rotations, i.e.,

x(x) X'(x) = Un()x(2)U} (z) - (3.183)

The transformation behavior under proper orthochronous Lorentz transformations can be obtained from
Egs. (3.92) and (3.93). We find

SU(Q)Li?U(Q)R

SO+(1,3) B
x(@) =" X (@) = x (A ) (3.184)
Finally, under the discrete symmetry operations, the scalar/pseudoscalar matrix transforms according to
c
x(@) = X' (z) = x" (2) , (3.185)
X(t,r) 5 X (') = X (8, 1) (3.186)

where we used Eqs. (3.106), (3.107) and (3.99), (3.100). Now, the space-time dependence of the left- and
right-handed rotations requires the definition of a covariant derivative in order to construct chirally invariant
terms involving derivatives. This covariant derivative should be defined in a way that it transforms in the
same way as the object it acts on. In the case of the pion matrix U (z) and the scalar/pseudoscalar matrix
X (), this covariant derivative should transform from the left with a right-handed chiral rotation and from
the right with an adjoint left-handed transformation matrix. To this end, we define

D,0(z) =0,0(zx) —ir,(z)0(x) +10(x)l, () (3.187)
as the covariant derivative for an object &'(x) transforming as &'(x) SURLxGU @) UR(x)ﬁ(x)Ui(m) under

local chiral rotations. It is now easy to verify that Eq. (3.187) transforms in the desired way. Using Egs.
(3.82) and (3.83), we obtain

.D ﬁ( ) 2)L_><§U(2)R

+iUr(2)0(2)UL [UL(x)l,t(x)Uz(x) iUy (x)@MUz(a:)]
= Ug(2) [0,0(x) — ir,(2)0(z) + i0(2)l,(2) Uf ()
= Up(2)D,0(x)U} (z) - (3.188)

If we now identify the object &'(x) with U(x) or x(x), the transformation properties of the covariant derivative
under proper orthochronous Lorentz transformations and C P-transformations immediately follow from the
previous results. We obtain

so+ (1)

D, 0(x) (D0 () = ASDO(A ') (3.189)
D,0(z) <% (Du0(2)) = (Du0(2))" (3.190)
D,O(t,r) 25 (D,0(t,1)) = (D*O(t, 1)) . (3.191)

At this point, it has to be taken into account that we are also able to define covariant derivatives for objects

SU@LxSUDr UR(a:)ﬁ(a:)Uz(x) under local SU(2), x SU(2)r
SU2)LXSU@R

that do not transform according to &(z)

transformations. Therefore, we consider an object &(x) which transforms according to &(x)

Ur (x)ﬁ(x)U};(:r) Using the same manipulations as in Eq. (3.188), we are able to show that the covariant
derivative

D,0(z) = 8M5(x) + zé(z)ru(x) - ilﬂ(x)ﬁN(J;) (3.192)

has the same transformation properties as the object & (z) itself. If we identify this object with UT(z)
or x(z), the transformation properties under the proper orthochronous Lorentz group and under CP-
transformations follow immediately from Egs. (3.189)-(3.191). In addition to that, we are able to define ob-
jects Oy (z) and @g(z), that transform like 07 (z) °° 3D U ()6, (2)U] (2) or O(z) * P25V On
Ug(x)O R(a:)UIT%(x), respectively. An example for objects of this type is given by the left- and right-handed
field-strength tensors. The covariant derivatives of these objects read

D,0Oi(x) =0,01(x) —il,(x)0r(z) + 10 (x)l,(z) , (3.193)
D, Or(x) = 0,0r(x) — ir,(z)Or(x) + iOr(x)r,(z) . (3.194)

(Du0(@)) = 8y [Un(@)0(@)UL] ~ i |Un(@)ry (@)Ul () + iU ()8, Ul ()| Un(2)0(2)U]
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It turns out that the above covariant derivatives will only play a minor role for our purposes, therefore we
do not give their transformation behavior under proper orthochronous Lorentz transformations and under
C P-transformations.

Before we start with the construction of invariant terms, we have to find a systematic way which will
help us to organize the terms of the chiral Lagrangian. To this end, we have to go back to the level of the
hadronic n-point functions. The complete set of these n-point functions as well as their symmetry relations
are collected in the generating functional of QCD (3.77). Now, the low-energy analysis of QCD in the
framework of ChPT relies on a simultaneous expansion of the ”true” generating functional in powers of
Nambu-Goldstone boson momenta, i.e., pion momenta and quark masses. In this so-called chiral expansion,
the pion matrix corresponds to an object of order one, i.e.,

Uz) ~ O(1) (3.195)

while the covariant derivative of U(z) as well as the left- and right-handed external fields are counted as
objects of O(p)

DU (z) ~ O(p) (3.196)
Lu(z),ru(z) ~ O(p) - (3.197)

This assignment seems to be quite intuitive, since the derivative acting on U(x) can be translated into pion
momenta. Furthermore, the left- and right-handed external fields will only enter the chiral Lagrangian in
combination with a space-time derivative. At order O(p?), there are three fundamental objects which may
enter the chiral Lagrangian, namely the scalar /pseudoscalar matrix x(z) as well as the left- and right-handed
field-strength tensors

x(x) ~ O(?) , (3.108)
fE (@) ~ O(p?) . (3.199)

3.3.2 Constructing the Chiral Lagrangian up to O(p*)

After introducing the basic objects of the chiral Lagrangian, we are now in the position to construct the
leading order and next-to-leading order (NLO) terms of ChPT. To this end, denoting the powers of pion
momenta and quark masses as n, we recognize that the full chiral Lagrangian must be of the form

Lypr =Y Lon (3.200)
n=0

since parity conservation requires an even number of derivatives. For n = 0, we are only able to construct
one term

Te{u'u} , (3.201)

which is obviously a trivial term, since the pion matrix ¢ (z) is unitary, so that the trace is equal to two'¢
and therefore a constant. For n > 1, it is possible to construct nontrivial interactions. The number of all
possible terms increases rapidly for large n. For example, in the case of Ny = 2, there are only two possible
terms at leading order, i.e., for n = 1. At NLO (n = 2) the number of possible terms increases to ten,
while at NNLO n = 3, there already exist 56 independent interaction terms'”. Before, we start with the
construction of the leading-order term, we want to illustrate the general way of constructing invariant terms.
To this end, we recognize that two objects €1 (x) and s (x) which transform according to

SU()LxSU(2)r

0i(z) 0!(z) = Up(z)0;(x)U] (z) , for i = 1,2, (3.202)

under local chiral transformations can easily be combined to form an invariant, because
SU(2)r xSU(2 ! T
Tr {ﬁl(x)ﬁg(x)} @ x§UGr {ﬁl(x)ﬁ;(m)} =Tr {UR(:v)ﬁl(x)Uz(x) [UR(x)ﬁg(m)Uz(:v)} }

- Tr{ﬁl (x)ﬁg(x)} : (3.203)

16 In the case of two quark flavors.

17 In the case of Ny = 3, the number of possible terms is again different. At NLO, there are twelve possible terms, while at
NNLO, the number increases to 98, compare Ref. [BiEc] and refs. therein. The number of possible terms varies for different
numbers of quark flavors, because there exist different techniques in order to eliminate redundant terms.
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where we used the cyclic property of the trace. This procedure can be expanded to arbitrarily high powers
of @(x)ﬁ;(x) operators under the trace, since

T { 1(2) 05 () -+ On s () O () ) * 5O

= T {Un()01(2) 0§ (2)U}(x) - Un() 01 (2) O} () U ()}
- Tr{ﬁl(x)ﬁg(x) o ﬁn_l(x)@t(x)} , (3.204)

where we again used the cyclic property of the trace. In order to construct further terms, we can use two or
more traces which are constructed in the way described above and build products of them. In general, these
terms are of the following form

{0, @)}, @) 0, (0)0] @)} T {0, @) 0}, (2) - 6;,_, ()6} (@)} . (3.205)

Now, we can use this approach for the construction of the leading-order term of the chiral Lagrangian.
The first step consists of combining the fundamental building blocks (3.166), (3.171)-(3.173), and (3.187)
to objects which transform according to Eq. (3.202) under local SU(2)r x SU(2), transformations. Up to
O(p?) in the chiral expansion, the complete list of those objects is given by

U(x), DU(x), DD U (), Ux) fE) (), FII) (2)U(z), and x(z) . (3.206)

ny g

Now, the second step consists of building invariant terms in the fashion of Egs. (3.204) and (3.205). Due
to the latter equation, we have to collect all invariant traces starting from chiral order O(1) up to O(p?).
As already mentioned before, the lowest-order term is given by a constant Eq. (3.201). Therefore, we start
with the first-order terms. At O(p), there are only two possible structures which we can construct by using
the objects listed in Eq. (3.206)

Te {[DU() U ()}, Tr {U(x) [DU(z)]! } . (3.207)

In the following we want to show that (i) both traces are, up to a sign, equivalent and that (ii) both traces
vanish identically. In order to show the first claim, we leave the traces out and add up both expressions

(D@ U (@) +U(x) [DU()])!

= [0uU(z) — irp(2)U(2) + iU (), ()] U (2) + U(z) [0, U + U (2)r,(z) — il (2)U (2)]

=0, [U(a:)UT(x)] —ir,(x) [U(a:)MT(x)] +1 [Z/{(m)MT(x)] ru(x)

=D, [Ll(x)Z/{T(J:)]

=0, (3.208)

where we used Eq. (3.194) and the fact that U(z) is unitary. Taking the trace of the above equation
completes the proof of (i). According to (i), it will be sufficient to show the second claim for the first trace
in Eq. (3.207). Using the canonical parametrization (3.163), we find

Tr {[D,U(z)] UT(x)} = Tr {[0,U(x)] UT(J?)}
= Tr{ [8“ (]].2><2 — iy (x) Tt + %(171'7(13)7")2 - .. >} UT(I)}
= —Tr {i (0umi(2)) 7" [Lays — im;(z)m + ... ] U (2)}
~0, (3.209)

where we used that the Pauli matrices and therefore the external fields are traceless, compare Eq. (3.75).
Furthermore, we made use of the fact that the matrices m;7° and UT(z) commute. The results (3.208) and
(3.209) ensure that, at leading order, a product of two traces may not enter the Lagrangian. Therefore, we
have to use the objects (3.206) in order to construct terms which contain only one trace. The possible terms
with respect to local chiral rotations are given by

(a) T {[Du DU (@)U (@)}, Tr {[DU(@)] D))}, Tr {u(@) (D, DU@)Y,
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(b) T {td(@) 153 @t (@)}, T {3 @), T {u! (@) 1520 @)t (@) | T {7520 (@)},

¢) Tr{x(z)U'(z)} and Tr {U(z)x'(z)}.

It is evident that not all of the above terms may enter the chiral Lagrangian at leading order. In order to
reduce the amount of possible terms, we start with those listed in (a). First of all, we want to show that all
three terms are not independent of each other. We have

Tr {[D, DU@)U! ()} = Tr { [0, (DU(x )= im( D)D) +i (DU(@)) L (@) U' ()}
=0, Tr {[D,U()]U'(z)} — Tr {(DU(z)) [@LL{T(QC) + iU (z)r,(z) — ilu(x)l/{f(:n)} }
= ~Tx {[D,U(@)] D)} (3.210)

where we used the product rule in combination with Eq. (3.209) and the definition of the covariant derivative
(3.192). On the other hand, we obtain

T {U(e) D, DU} = Tr {U(@) [0, (DU@) +i (DU@) 1.(@) - il, (@) (D) |}
= 0, T {U(2) (D)) } =T {0, (x) — i () () + U )b ()] (D, () }
= -Te{[DU@)] [DUE)' (3.211)

where we used similar manipulations as in the previous calculation. In addition to that, all space-time indices
have to be contracted, since the Lagrangian has to be Lorentz invariant, so that we are left with

Tr {[Duu(x)} (DU ()] } . (3.212)

All terms in (b) are proportional to the left- or right-handed field-strength tensors. It is quite obvious, using
the cyclic property of the trace and the unitarity of U(z), that the first two terms and the last two terms
are identical, respectively. Furthermore, we can use that the field-strength tensors are traceless tensors, i.e.,

T { £5) (@) b = Tr {0l (@) = by (@) = i [ (@), L(@)]_} =0, (3.213)
T { £ () } = Tr {0uro (@) = By (@) = i [ (@) o (@)]_} =0, (3.214)

where we used that the left- and right-handed external fields are traceless. In addition to that, the trace of
the commutator term vanishes, due to the Lie algebra of SU(2). Therefore, all terms in (b) vanish identically
and do not have to be considered. The last two terms in (c) are independent of each other, so that we can
build two linear combinations

T {x(@)U () £ U)X ()} (3.215)
from them. Since both objects in Eq. (3.215) are Lorentz scalars, it is easy to see that both linear combina-

tions are symmetric under proper orthochronous Lorentz transformations. Therefore, we have to check the
transformation behavior of Eq. (3.215) under C- and P-transformations. We find

Tr {x(2)U' (z) £ U(2)x ()} 5 Tr {x(@)U' (2) £ U)X ()}
=Tr {x(@)" (U'(2))" £U"(2) (x'(@))"}
= Tr {x(2)U! ()  U()xT ()} (3.216)

and

Tr {x(t,r)UT(t, r) £ Ut )X (¢, r)} i {x(t, T(t,r) Ut )X (¢, r)}/
=Tr {X(ta _P)Tu( a —I' i UT(t —I')X(t, —I‘)}
= Tr {£x(t, —r)U' (t,—r) + U(t, —1)x"(t, 1)} , (3.217)
where we used the transformation properties of the previous section and the cyclic property of the trace.

Obviously, the negative linear combination breaks the symmetry under parity transformations, because it
transforms with the wrong sign. Combining this result with Eq. (3.212), the leading-order chiral Lagrangian

is given by
L = IﬂTr {[DMU(:E)] [D”Z/[(:E)]T} + ijTr {X(gg)u’f(x> +U($)XT($)} 7 (3.218)
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where f, denotes the pion decay constant. At leading order, the chiral Lagrangian includes only two free
parameters, the pion decay constant and the constant By which is contained in the definition of y(z).
Furthermore, in the case of three-flavor ChPT, we would end up with the same result. At this point, we
could use the same techniques that lead to Eq. (3.218) in order to construct the NLO Lagrangian. In this
case the whole procedure becomes a bit more involved, since there are much more invariants with respect to
local chiral transformations. Furthermore, one has to use more trace identities and the equation of motion
to identify terms which are not independent of each other. For the sake of brevity, we skip the technical
details'® and only quote the final results in the case of two and three quark flavors. In the case of Ny = 2
ChPT, one obtains

2= (v { (D) (D) })2 + 20 D)) D))} e {[Dea () (DU )] )
MBS (0 (o (@) + U >x* w)}f {[D U(w)] (D) + D)) DU )
+ 65T {fﬁf)(r)u(w)f‘”“” <‘;5 + 2h2) e {5 @) (@) + £ @) f O (@)}
Fil e { B (D) [D”w >] I D) D)} + T o et ) - ey @)
+ BT e @)} — P @ @x ! ) U@ @U@ @) (3219)
The above NLO term contains seven low-energy constants (LECs), £,i = 1,...,7, and three constants

belonging to contact interactions, h;,j = 1,2,3. In the case of three quark flavors, the NLO term of the
chiral Lagrangian reads

2= Ly (0 { (D) [Du@) ) + Lo { (D)) [Dd())'} T {[D#u()] (DU}
+ LyTr {[DU(@)] [DU@)] [DU(@)] [D"U@)]} + LT {[DU@)] DU} T (@)U (@) + U (@)}
+ LsTr { (D)) (DU ()] (@) (2) + U@ (@)] | + Lo (Tr {x(@U (@) + U@ (@)})*
+ LeTr {x(@U' (@) = U)X (@)} + LsTr U@ @U@ (@) + @)U @)x@u (@)
— Ly { £ () [D"U@)] DU + 152 (@) D U@ [DU@) | + LaoTr {U(@) 110 @) () F 0 ()}
+ H T { £330 (@) 0 (@) + £ (@) 9 (@)} + T {x(@)x (@)} - (3.220)

As already mentioned in Ref. [17], the number of possible terms and therefore the number of LECs increases,
when we include the strange quark. In this case, we obtain ten LECs, L;,i = 1,...,10, and two constants,
H,, Hy, which couple terms that only involve external fields. In general and not depending on the number
of included quark flavors, the LECs can be understood as measure for the inability to solve QCD in the
low-energy regime. Nevertheless, it is possible to fix their values, for example with lattice calculations,
empirical data, or QCD inspired models. If one is interested in a low-energy analysis beyond tree-level, the
LECs also open up a practical use: When considering Eq. (3.218) at one-loop order, the resulting vertices
are of order O(p?), so that the resulting divergences cannot be absorbed by an appropriate renormalization
of the LECs of .%. At this point, the LECs of %, come into play. The NLO term was constructed in a way
that it represents the most general chiral Lagrangian at order O(p*) in the chiral expansion. Therefore, it
is possible to renormalize the LECs as well as the constants from the contact interactions in a way that all
divergences of the one-loop graphs can be absorbed.

3.3.3 Four-Pion Interaction Vertices

In the last part of this chapter, we want to use the results (3.218) and (3.219) in order to identify all four-
pion interaction terms which arise up to NLO in the chiral Lagrangian. The use of this step will become
apparent in Sec. [4.3.1], when we introduce our approach for the determination of the low-energy coupling
constants of the extended linear sigma model. The desired four-pion interaction terms can easily be found
by expanding the pion matrix U (z). To this end, we choose from now on

1
7l

8 For more details, see Refs. [ScSc|, [FeSc].

U(z) = o(x) +im(2)7'] | o(x) = fry/1—72(2)/f2, (3.221)
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as a parametrization of the coset space. Expanding the square root in inverse powers of the pion decay

constant, we find
17\ 1/72\° .

Furthermore, it will be useful to determine the expansion of the 4-gradient of o(x), since the chiral Lagrangian
contains a lot of derivatively coupled interaction terms. We find

1 7 0T

e T (@)] 2

G >{1+ (2)2+z(§)2+0(w6>}. (3.223)

In addition to that, we set the left- and right-handed external fields to zero

Ouo(z) =

ly(z)=ry(z)=0 (3.224)
and define the scalar/pseudoscalar matrix x(x) as
x(@) = M?1ay2 , (3.225)

where M? defines a mass parameter of dimension [Energyz} . As a consequence of these definitions, the NLO
chiral Lagrangian simplifies to

Lo = e { @)U} + ZrT Ul @)+ uw)
+ 8 (e {pu)oue)) + 2o (o) b)) o {pu) oue)
M (T (U )+ w))) +%g—%4 (T (U (@) - U@}’
S 8h3M4T U@ (@) + U(e }+h1;h3M4+0( ). (3.226)

Now, using the coset parametrization (3.221) and the expansions (3.222), (3.223), we are able to obtain an
explicit expression of the above Lagrangian in terms of the pion fields. In order to keep track of all terms,
we now expand all terms of Eq. (3.226) order by order in the chiral expansion. At LO, we are left with only
two terms

2
G =T {[(%Z/l(x)] [aﬂu(x)]f} JZT M*Te{UM(z) + U(z)} . (3.227)
Dropping the space-time arguments and using Egs. (3.222), (3.223) and (6.10), we find
1 M? fr
L= ZTr{(aw)Q + (Oumi) (9%mj) TJ} + f — " Tr {20}
= 1(a 7)? — Lyze M0 ()% + i(i& )2+ M2f2+ 0 (n°) (3.228)
PRGHE 82 212 s g ' :

From the above result, we make two observations: On the one hand, the mass parameter M? corresponds to
the full tree-level mass of the pion at LO in the chiral expansion. In a moment, we will see that at NLO, the
tree-level mass of the pion gets another contribution. On the other hand, we find that this mass parameter is
also contained in the coefficient of the (7?2)2 interaction term. But, in the discussion of Sec. [3.2], we argued
that Nambu-Goldstone bosons may only interact through derivatively coupled terms among each other. In
order to resolve this problem, we have to remember that the previous statement is only true, if we consider
an exact chiral symmetric Lagrangian. In the case of Eq. (3.228), chiral symmetry is explicitly broken by
the occurrence of the mass parameter M?2. Therefore, we have to take the chiral limit, M? — 0, in order
to show that the pion-interaction terms always have to contain derivatives. At NLO, we have to deal with
five possible terms

2= " (e { e oue) )+ 2 (g )} o {ou) rue) )
MR B v (e {udt o) aaa)}) o P g (1 (@)~ ()’
_M . M= hs ppare (it (@t (2) + U@U()) + @M‘* + 005 . (3.229)
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For the sake of simplicity, we consider each NLO term individually. The expansion of the first term in (3.229)
yields

T (o)) = 15 ({00 + @) @) 7ie7})’
=i (0,7)° (8,7)° + 0 (79) (3.230)

where we made use of Eqgs. (3.223) and (6.10). Using the same techniques, we find a similar result for the
second term
62 v )
{[a u) [o,u]t } Tr{[@“u] G272 } ?Tr {(0,0) 0 + (Bym:) Bymyrind }
x Tr{(0"0) 0”0 + (0"m;) 9" mjr'7 }
o
T
As already mentioned before, at NLO, the tree-level mass of the pion gets a second contribution. This new
contribution originates from the third and the fifth term in Eq. (3.229)

[(0,7) - 0,7 + O (7°) . (3.231)

hy—hg +( hi—h
11763+?> I Ul @) +U@)}) = M U @)U () + UU ()}

hl—h3+€3 4 2 hl_hS 4 )
:TﬁM (Tr{20})" — 17z M Tr{a — ;T TJ}

hy — hg + £3) M* hi—h hy —h

:(hlfh3+£3)M4f(1 ‘}j )M oo 12 M+ = 7 SMAF 4+ O (n°)

O3 M hi —h
=P 7r2+< E 3”3) M +0(n°) (3.252)

where we used (3.222). The fourth term vanishes exactly, since the trace of a Pauli matrix vanishes. Normally,
this term shifts the masses of the charged and the neutral pions. Since the chiral expansion of the ”true”
generating functional of QCD involves all terms which are allowed by symmetry, the chiral expansion quite
naturally introduces the explicit breaking of the isospin symmetry at NLO. In our case, this term has to
vanish, since the definition (3.225) corresponds to the isospin symmetric limit where all pions have the same
mass. Therefore, the NLO term of the chiral Lagrangian becomes

4 o o 12 £3M4_,2
f4( #)* (0, 7) E[(aﬂ)'(aﬂ)] P

Finally, combining the results (3.228) and (3.233), the chiral Lagrangian up to NLO is given by
"%XPT =%+ %

L =

+ (h1 4+ €5) M* + O (n°) . (3.233)

= 5 u7)* — SM2R 4 Crer () 4 Congpr (7 0,7)° + Coxr (0,7)° (9,7)°
+ Cuxpr [(0,7) - 8,7 + O (7°) (3.234)
where we introduced
M2 =M+ 2;23 M* (3.235)

as the tree-level mass of the pion. Furthermore, we defined the following coupling constants of the different
four-pion interaction terms

M2
Crxpr = =573 (3.236)
1
Coxpr = 37 (3.237)
14
Csxpr = % ; (3.238)
ls
Caxpr =47 - (3.239)

These coefficient will be important in the discussion of Chapter [4], when we calculate the LECs of the
extended linear sigma model.
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Chapter 4

Calculation of the Low Energy
Constants

After introducing the technical basics and approaches in the last chapters, we are now in the position to
apply these concepts. To this end, we start with a very detailed introduction to the techniques which we
want to use later, in order to determine the tree-level LECs of the eLSM at the hand of a simple example,
see Sec. [4.1]. Then, in Sec. [4.2], we finally consider the eLSM. During this section, we introduce the
physical content which is described by the eL.SM and illustrate how it is technically realized. Then, we study
all terms of the eLSM in detail and finally derive expressions for the LECs in terms of the various coupling
constants of the model.

4.1 A Toy-Model Introduction

The aim of this first section is, on the one hand, to introduce the basic concepts of the upcoming sections,
but on the other hand, also to show the technical methods which we will use to determine the LECs of the
eLL.SM. To this end, we consider a simple toy model describing the interaction of a light scalar field ¢;(x)
with a heavy scalar field ¢ (z) and study the important properties of this theory in detail. In Sec. [4.1.1],
we therefore focus on the very basic properties of the theory and derive the generating functional of the
theory. Based on the explicit form of the generating functional, we also derive the perturbative expansion
up to first order in the coupling constants of the theory and introduce the position-space Feynman rules.
The necessity of this step will be become apparent in Sec. [4.1.2], when we integrate the heavy field out of
the theory in order to find a low-energy description of the theory.

4.1.1 General Considerations

As mentioned above, we want to consider a toy model describing the interaction of two scalar particles. The
classical action of this theory shall be given by

Stoy [Sola (IDH] = /d4l’ o%foy (‘Ph YH, 8}18017 aHQDH)

= /d4$ [%0,1(01,0u1) + Lo, 5 (0r, Ouor) + Lint (@1, )] (4.1)
where the free parts of the Lagrangian .%},, are given by the free Klein-Gordon Lagrangians
1 " mf 9 .
Z0,i(#i Oupi) = 5 (Oupi) (0%pi) — o7 i =1 H . (4.2)

The interaction part of the Lagrangian shall be given by

g1 92
%nt(@la (PH) = _Zw%[SOIQ - ?@H@? ) (43)

where we introduced the coupling constants g; and g». In order to quantize the theory, we remember the
discussion of Sec. [2.2.1]. Comparing the above Lagrangian with the general approach in Eq. (2.63), we are
immediately able to write down the generating functional of the toy model

2000 Tu] = N / Do) Pon(z) exp {z / A2 [Lroy (01 011, Ouipts Duorr) + Tipn + JHsoH]} L (4a)
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where we introduced the classical sources Ji(z) and Jg(z). The normalization constant N is fixed by the
requirement Z[0,0] = 1, so that

-1 _ /@@l(x)ng(x) exp {i/d4x Loy (wl,goH,augol,@HgoH)} . (4.5)
For later purposes, it will be useful to bring Eq. (4.4) into another form which is easier to handle. Therefore,
we recognize that the generating functional of the interaction-free theory, i.e., g3 = go = 0, would factorize
into two Gaussian functional integrals which can be solved analytically. But this observation would also
be useful for nonzero coupling constants, if we were able to eliminate the interaction terms (4.3) from the

functional integral. And in fact, by using a simple trick, we are able to rewrite Eq. (4.4) in the desired way.
First of all, we factorize the free and the interacting part of the Lagrangian

ZJ, T :N/%pz(:c)@cm{(x) exp {i/d45€ (Lioy (1, 01, Oupr, Oppm) + Jipr + JHSDH]}
Nt [ D@2 ente) e {i [ ate Lutorom |

x Ny exp {i/d493 (Lo, (¢1, Oppr) + Lo 1 (0m, Oupr) + Jipr + JHSOH]}

=Nim/%pz(x)9w(x) > (—nz!) [/d“x (?w%w%fs&w?)}

n=0

x N exp {i/d493 (L0, (¢t Oppr) + Lo u(0m, Oupr) + Jipr + JHSOH]}

00 -n n n—k k
—Nmt/@w )P ou(x Z Z (Z) (941/(143; wiﬂp?) (g; /d4w’ HY; )

x Ny exp {Z / d*z [Lou(e1, Oupr) + Lo (r, Oupr) + Jipr + JHwH]} ; (4.6)

where we also factorized the normalization constant NV = N;,: Ny and rewrote the first exponential factor
into its power-series representation and used the binomial theorem. Now, we can use the same trick as in the
discussion of Eq. (3.71), i.e., we replace the fields in the series expansion with functional derivatives with
respect to the respective fields. This trick is based on the observation that

1

T3 (x, eXp{ /d x [Zo1(p1, Ouer) + ZLo,u(@m, Oupn) + Jipr +JH<pH}}
1 .
= VST x/ Yz [Jip +JH<PH]}€XP {@/d4w [%0.1(p1,0u01) + Lo, 1 (pm, Oupn) + Jipr +JH90H]}
= pi(z') eXP{ / d*z [Lo.1(e1, 0upr) + Lou(@r, Oupn) + Jior + JHSOH]} ; (4.7)

where we used 6.J;(x)/0J;(z") = 5ij5(4) (x —a') for 4,5 = |, H. The importance of Eq. (4.7) arises from the
fact that the functional derivatives with respect to the classical sources can be pulled out of the functional
integral, since they do not depend on the fields itself. Using Eq. (4.7) in order to substitute each field in the
interaction part of the Lagrangian, Eq. (4.6) can be written as

ZJi, Ju] Nmt;) i ( ) [gi/dzlx <15Jj(m)>2 <16Jf(x))2]n—k
o1k
[ o) ()

xNo/@cpl(x)@goH(x) exp {i/d% [fo’l(apl,aﬂgol)+=%,H(goH78#<pH)+Jlgol+JH50H]}

o XD { /d z Lo (1 Mf(x), 1545@)) }ZO[JZ, Tl | (4.8)
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where we defined the free generating functional as
Zo[ 1, Ju] = No / Dpi(x)Dpu(z) exp {i/d43€ (%0,1(p1, Oup1) + ZLo,u (0, Oupn) + Jipr + JH<PH]}
zM/%pz(x) exp {i/d4af [%o,1(1, Oppr) +Jz<m]}

XNH/ng(x) exp {i/d433 [ZLo.u(om,0upn) +JH<PH]}
= Zo,[Ji| 20,5 JH] , (4.9)

with Ny = MiNp. As mentioned before, we obtain a free generating functional which is given by the product
of two Gaussian functional integrals. In order to simplify Eq. (4.9), we have to evaluate these Gaussian
integrals. Since both integrals are exactly of the same form, it is sufficient to evaluate only one of them.
Integrating the kinetic part of the Klein-Gordon Lagrangian by parts, we find for i = [, H

20l =N [ 7o) e i [t [1 @ued) 0400 - ot + ] |
= Ni/-@%(@ exp {—; /d4$ (i (O+m3) i + Ji@i}}
5 [ Zoia) exp{ =5 [ @ttty i@ oianont +i [ate g @)
where we defined the operator

Oi(x,y) = (Op +m2) 6B (x —y) , (4.11)

where the index , reminds us that the d’Alembertian acts on the space-time variable x. At this point, it is
important to stress that the convergence of the Gaussian functional integral (4.10) is not guaranteed, since
the integrand is a strongly oscillating function for large arguments. This problem can be resolved, if we
perform an analytic continuation to imaginary times, i.e., if we set

®=t— —ir,TeR. (4.12)
Geometrically, the above identification can be understood as a clockwise rotation of the time-integration

contour about 7/2 into the complex plane, since e~ m/2)r = —jr. This situation is illustrated in Fig. [4.1].
It should be noted that this so-called Wick rotation is only possible, if there are no singularities in that part

Im(t) Im(7)

-
-

s\

¥

Re(t) Re(1)

-’

(a) (b)

Figure 4.1: The diagram [(a)] shows the initial time-integration contour in Minkowski space-time (red dashed line), which
is rotated clockwise into the complex time-plane (red line). The second diagram [(b)] shows the Euclidean time-integration
contour, which corresponds to the Minkowski case of [(a)].

of the complex time-plane we are integrating over. The result of the Wick rotation is that the integrand
in Eq. (4.10) gets a real part which dampens the oscillation of the exponential, so that convergence is
guaranteed. In order to see this, we have to evaluate, which consequences are caused by the Wick rotation.

First of all, we define a Euclidean 4-vector
ahy = (1,1) , (4.13)

so that
alz, =t —1*=—1* -1’ = —aha,p . (4.14)
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Obviously, the analytic continuation to imaginary times transforms the Minkowski space-time into a four-
dimensional Euclidean space-time. This transformation occurs because of the additional i-factor which
compensates the different signs of the time and the spatial variables in Minkowski space-time. Since the
metric of this four-dimensional Euclidean space-time is given by the four-dimensional identity matrix, in
principle we do not have to distinguish between co- and contravariant indices. But, in order to indicate the
summation over the contracted indices, we will keep the co- and contravariant notation. Furthermore, it is
also convenient to introduce a Euclidean momentum space by setting

' =ik, keR, (4.15)

such that )
Kk, = ()" —k® = =% — k% = —kbk, (4.16)

where we defined the four-dimensional Euclidean momentum-space vector
k= (k, k) . (4.17)

The transformation (4.15) corresponds to a counterclockwise rotation of the k%-axis about /2 into the
complex k%-plane, compare Fig. [4.2]. Tt is clear that the variable transformations (4.13) and (4.15) give rise

Im(k°) Im(x)
AF\\\
—T\—— ; Re(k°) > > Re(k)
\“"-n
(a) (b)

Figure 4.2: The diagram [(a)] shows the initial £%-integration contour in Minkowski momentum-space (blue dashed line), which
is counterclockwise rotated into the complex k°-plane (blue line). The second diagram [(b)] shows the Euclidean s-integration
contour which corresponds to the Minkowski case of [(a)].

to the existence of a Jacobian,

o (t,r)
o (r,r)

9 (K%, k)
0 (k, k)

d*z = det ( ) d'zp = —id'zp , d*k = det < ) d*kp = id%kp . (4.18)

Due to Eq. (4.13), it is obvious that also differential operators which involve the time variable will change
under this transformation. The Minkowski 4-gradient becomes

0 .
(8H) = (ao,V) = <a(_m_), V) = (ZaT,V) = 8H7E s (419)
so that the d’Alembertian can be written as
O=90"0, = 83 — A= —83 —A=— (83 + A) = fagaﬂ,E =-—-0g . (4.20)

Finally, we have to find the Euclidean representation of the delta-distribution. Using its Fourier representa-

tion, we obtain
4
6(4)(13 _y) :/ d’k e*i(xfy)k

(2m)*
_ /{‘131)‘3 ei(x—y)k/dko o i(@o—10)K°
2T 27

3
_ / (d 1)<3 ei(x—y)ki/dj o= i(Ta=Ty )
27 2w

4
— / CEE —il(re—ry )i (x-y)id]
(2m)*
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:,L'/ d'kp e~ (zr—yr)ke
(2m)*

=i6W(zp —yp) , (4.21)

where we substituted k — —k in the fourth step. At this point, we are able to rewrite the functional integral
(4.10)

Z0,i[Ji] :M/9<Pi($) exp{—;/d4xEd4yE sDi(xE)ﬁE(xE»yE)%(yE)Jr/d4$E Jz‘(ffE)%(ffE)} ,

(4.22)
where we defined the Euclidean operator

ﬁi,E(l‘E7yE) = (—D%E + mf) 5(4) (J)E — yE) . (423)

By considering Eq. (4.22), it is now evident that the Wick rotation induces a damped real part in the
exponential, so that the convergence of the integral is ensured. Applying Eq. (6.39) to the above functional
integral, we obtain

~1/2
~ 1
Zo:[Ji] = NiN; (det@,E(ffanEO exp {2/d4$Ed4yE Ji(mE)ﬁi,El(xE,yE)Ji(yE)} : (4.24)

The usual normalization requirement, Zy;[0] = 1, fixes the normalization constant as

—-1/2
./\/;1 :M(detﬁi’E(l'E,yE)) s (425)

so that the factor involving the functional determinant of the operator &; g(xg,yg), cancels. In the following
subsection, we will see that this result is quite advantageous, since the functional determinant in Eq. (4.24)
corresponds to an infinite constant. But in general it turns out that these functional determinants have a
physical meaning. An example for this will be presented in the upcoming Sec. [4.1.2]. Before we consider the
above functional determinant in detail, it will be useful to determine the inverse operator ﬁ; JIiﬂ(;zc 5,yE) in Eq.
(4.24). To this end, we remember that the inverse of an (N x N)-matrix is defined by A71A = 1. Since
the operator (4.23) can be considered as an infinite-dimensional matrix, we have to consider a generalized
version of this definition

5D (app — ) = / dyp 0, p(ws,yp) Ok (v ')

= /d4yE (—Oe.p +m3) 6 (xp — yp) O, h(ye, ©'5)

which shows that the inverse operator is a Green function of the Euclidean Klein-Gordon operator, since
it fulfills the Euclidean Klein-Gordon equation with a delta-distribution as inhomogeneity. In order to
determine the explicit form of this Green function, it will be useful to switch to Euclidean momentum space
and consider the Fourier transform of Eq. (4.26). We have

4 4 4
/d ki e~ i(@E—ap)ke _ / &y Ak, (~Op i +m?2) e85 gLk, ki)™ @Bre

(2m)* (2m)* (2m)*
! d4kE d4]€IE 2 2 =1 —ilkpx 716/ w/
- / (2m)% (2m)* (k& +m;) O; p(ke, Kp)e (hpze—kprp) (4.27)
which is obviously fulfilled for
P 1
ﬁzé(kEakE) = (2m)*6™ (kg — k/E)W . (4.28)

Finally, we have to transform this result back to position space. We find

. Ahp A,
O p(tp,2) = / Wﬁ e wEkE (2m) 6™ (ki — ki)

_ d4]{jE 1 efi(zEfx/E)kE
(2m)* k% 4+ m?

= AE7F(.TE — $/E) ) (429)

1
k% +m?

- ! ’
ezzEkE
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where we defined the Euclidean Feynman propagator. Now, from Eq. (4.29), we observe that the Euclidean
Feynman propagator only depends on the difference of the Euclidean space-time points zg, 2. This fact
reflects the space-time translation invariance of the theory. Furthermore, it is obvious that the Feynman
propagator is a symmetric function under the transposition of its arguments. This function defines only one
special example of a whole class of Lorentz-invariant propagation functions which are Green’s functions of
the Euclidean Klein-Gordon operator. The distinction between these propagators arises from the integra-
tion contour in the k%-plane, which we select to rewrite the four-dimensional Fourier representation of the
propagator into a three-dimensional one. In the case of Eq. (4.29) this integration contour is fixed, because
the poles of the above propagator are given by

K12 = i\ k* +m? = Fiw; x (4.30)

so that they are not located on the integration contour from —oo to co along the real k-axis, compare Fig.
[4.3]. At this point, we are able to perform the analytic continuation of Eq. (4.29) back to Minkowski

Im(k)

P +W;

Y
Y

Re(k)

b —w;

Figure 4.3: Poles and integration contour (red line) of the Euclidean Feynman propagator.

space-time. Using Eqs. (4.13) and (4.15) as well as (4.18), we obtain

d*kg 1
A )= [ SR 2
R /(271')4 k%—l—m?e

4
=i / kL —ilo—sh)r——r)]

(2m)4 k2 —m?
d*k 1 . /
= e—z(w—x )k
(2m)* k2 —m?
=ilAp(z—1'), (4.31)

where we substituted k — —k in the second line. Obviously we obtain, up to a phase-factor, the well-known
Feynman propagator Ap(xz —y) in Minkowski space-time as analytic continuation of the Euclidean Feynman
propagator. In this case, the poles are given by

Ky = K+ m? = twi (4.32)

so that they lie on the real k° axis. Again, we have a fixed integration contour, since the transformation
k — —ik? in Eq. (4.30) requires an integration along the complex k%-axis. But due to the residue theorem,
we are able to deform this integration contour to the well-known Feynman contour %, since there are no
further poles on the complex k-plane. These two equivalent integration contours are depicted in Fig. [4.4].
Instead of using @r as integration contour, it is quite convenient to push the poles (4.32) from the real
kO-axis into the complex k®-plane. This can be obtained by adding a small imaginary part of the squared
mass m? in the denominator of Eq. (4.31)

/ d'k 1 —i(z—z')k
Ap(x —2') = @n) 2 mZ it © . (4.33)

The poles of the Feynman propagator are now given by

kY jy = £ Jw2y — e~ Fwin Fid (4.34)
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Im(k°)

+w; Re(k°)

(a)

Figure 4.4: The diagram [(a)] shows the fixed integration contour in the complex k%-plane. The second diagram [(b)] shows
the usual Feynman integration contour ¢, which can be obtained by deforming the inital contour of [(a)].

where we expanded the square root up to first order in €/ wf’k and defined § = €/2w; k. Since the poles of Eq.
(4.33) are in the complex k?-plane, it is possible to integrate along the real k%-axis in order to obtain the
desired Feynman propagator. The shifted poles and the new integration contour are illustrated in Fig. [4.5].
Using the results (4.31), (4.33) we are in the position to write down the final expression for the Gaussian

Im(k)

-w =6 B Re(k)

Figure 4.5: Poles and integration contour (red line) of the Feynman-Propagator after shifting this poles (4.32) into the
complex plane (4.34).

functional integral (4.24). We find

Zo,i|Ji] = exp {—; /d4xd4y Ji(x)Api(x — ZU)Ji(?J)} ; (4.35)

where we used the normalization (4.25) and also performed an analytic continuation of the space-time
integration measures inside the exponential. Then, the generating functional of the interaction-free toy
model takes the following form

ZolJi, Ju| = Zo i) Zo, 1 [ TH)
e {; [ dadty n@) A - y)Jl<y>} exp {; [ oty Ju@apto - y)JH<y>}

= exp %/d%d‘* > Ji(@)Api(z —y)Jiy) p - (4.36)
i=l,H

Inserting this result into Eq. (4.8), the generating functional of the full theory is given by

N gty (L0 1 0 ,,/44 T
Z[Jl,JH]./\/mteXp{z/d xﬁnt(iéJ;(m)’iéJH(x) exp d*zd*y Z z)Api(x—y)Ji(y)

i=l,H
(4.37)
In order to fix the normalization constant N,;, we again require that Z[0,0] = 1, which leads to
1 46 1 9
1 4
= d*z & - - Zoldy, J 4.38
Nt = exp{ / T Lint (z 6Jl(x)’i5JH(a:)>} olJ1, Ju] - (4.38)
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Before we continue with the derivation of the position-space Feynman rules for the toy model (4.1), we
interrupt this discussion and turn back to the functional determinant arising from the Gaussian functional
integration. In the discussion of Eqgs. (4.24) and (4.25), we stated that this functional determinant corre-
sponds to an infinite constant. In order to prove this statement, we start from the definition of the operator
(4.11) and use the Fourier representation of the delta-distribution

4
0a1) = O ) 60—y = (O ) [ L v

d'k 2 2\ ik(z—y)

Now, we know that the factor involving the functional determinant can be rewritten as

(detﬁ(w, y)> L exp {—;Trln O(z, y)} : (4.40)

where we used that Indet&(z,y) = Trln O(x,y). In order to rewrite the logarithm of the Fourier represen-
tation (4.39), we remember that the logarithm of a matrix M is, in general, defined by a power series of the
form InM =" . ¢; M J. In principle, we know the exact form of the series representation of the logarithm,
but for the following discussion it will be very useful to consider this general form. Then, the logarithm of
the operator €(z,y) is given by

d*k
(2m)*
J

4
= Z c;j {/ ((217:;4 (—=k*+m7) etk@=u | (4.41)

(7]{2 +m22) eik(a:fy)

In6(z,y) = In /

Now, we consider the m-th term of this power series, which can be written as

[/ (;1;];4 (=K% +m2) eik(a:—y)}m

_ a4 a4 d4k1 d4km k2 2 k2 2\ iki(z—x1) jika(z1—x2) ik (Tm—1—1Y)
= 'Tl"' xm_l W.W(_l+ml).(_m+ml)e e e e

_ d4 d4 d4k1 d4km k2 2 k‘2 2\ ,—tkix jtkmy iz (k1 —k2) jixa (ke —k3)
= z1--dr e,y W—--(Qﬁ)4(—1+mi)--~(—m+mi)e efmye e

X e eiszl(kmflfan)

d*k d*ky, ; ;
= / ﬁ e W (—k:f + mf) e (_kgn + mzz) e—zklxezkmy(%)%(zx)(kl _ k2>(2ﬂ)45(4)(k2 — k3)
X o (2m) 26 (kpp_y — k)

d4k1 2 2\™M —iky(z—y)
= @) (kT +m7)" e Mlzmy) (4.42)
™

Applying these steps to each term of the power series, the logarithm of the operator (4.11) is given by

dk A
InO(z,y) = / @i In (—k* + m?) e h(@=y) (4.43)

Inserting this result into Eq. (4.40), we are left with

) el L[ [ £

which tends to zero, since the operator trace of the logarithm diverges. As already mentioned before, this
divergent constant factor is not important for us, because the normalization of the functional integral is
chosen in a way that this factor cancels out. The reason why we showed the divergence of this functional
determinant becomes clear in the following Subsection, when have to consider another functional determi-
nant. Then, it will turn out that functional determinants may also have a physical meaning.

In (—k* + m?)} , (4.44)
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After this short excursion we have to continue with the derivation of the Feynman rules. In order to
define these rules for the toy model (4.1), we have to expand the full generating functional (4.37) into a
perturbative series of the coupling constants ¢y, go. In principle, we are able to calculate this perturbative
series order by order in the coupling constants by rewriting the exponential in Eq. (4.37) into its series
representation. For our purpose, it will be sufficient to consider this perturbative series only up to first order
in g1,g2. It should be taken into account that the expansion of the full generating functional involves the
expansion of the exponential in Eq. (4.37) as well as the expansion of the normalization constant (4.38).
In order to simplify the book-keeping of this calculation, we start with the expansion of the exponential, so
that

Zlh,Ju] ,/4 (1§ 1
Mnt = €xXp {Z d mznt ZaJl(x)v i 5JH($) Z()[JlaJH]

S [8 o Crt) Co) | 20 it () |

k

X ZO[JI,JH]
0 1 6 \’/1 & \° ¢ 1 6 1 5 \°
={1—;2 [ q* z il 22 [ qte 2 = 2 2
{ RV e (i(SJH(x)) (i§Jl(x)) 2 ) i STa () (mmm) +O(gl’*‘b“"“’”}
X Zo [Jl7 JH] . (445)

The action of the curly bracket on the interaction-free generating functional now produces the different terms
of the expansion of the full generating functional. The zeroth-order term just reproduces the free generating
functional, which is an expected result, since the zeroth order of a perturbative expansion corresponds to the
unperturbed case, i.e., to the interaction-free case. The first-order corrections can be obtained by calculating
the action of the terms proportional to g; and g2 on the free generating functional. In order to simplify
matters, we consider both terms separately. Using the abbreviation Ap;(z —y) = Ap,(x,y), the first term
yields

2 2
.01 4 1 ) 1 1)
—iZt [ dte (= -— ) Z
Z4 * (ZéJH(J})> <Z(5Jl 3?) O[JhJH]

(
= —i% d*z (:5(]5(3:))2 ide(x) [—/d421 AF’l(x,zl)Jl(zl)} Zo[Ji, JH]

. 1 6 \°[
_ 0 / de (12 ) Lian0) + / A2y dh 2y A (2, 20) A pa (@, 2) 1 (210)T0(2) | Zolh, T]
4 i 0Jp(x)
— i 1

1 X ;5‘]}1(1‘) |:—Z'AF71(0)/d421 AF,H(LL‘721)JH(2’1)

*/d4z1d422d423 AF,I(x,Zl)AF,z(fU,ZQ)AF,H(CIC,Zg)Jl(Z1)Jl(Zz)JH(23)] Zo|Jy, Ju)

= {—z"(il/d{r iAp1(0)iAp 1 (0) — zi—l /d4x iAp;(0) /d4zld4z2 iAp g (x, 21)iAp g(x, 22)iJ 5 (21)iJm (22)

— Z% /d4l‘ iAF’H(O)/délzldélZQ iAF’l(.%', zl)iAFJ(:m ZQ)iJl(Zl)iJl(ZQ)

—i%/d4x/d4z1d4z2d4z3d424 Z'AFJ(I,Z1)Z'AF71(J),ZQ)Z'AF7H($,Zg)iAF7H(l',Z4)iJl(Zl)iJl(Zz)iJH(Zg)iJH(Z4)}
X Zo[Jl, JH] , (4.46)

where we frequently used the symmetry of the Feynman propagator and inserted additional i-factors in the
last line. The second term gives

1 1 2
2 [ ata 0 ( 0 )) ZolJi, JH]
X

2 06 () \ i 6Jy(
, 1 6 1 6
= —Z% d4:c ;m;m |:—/d42’1 AF,l(xazl)Jl(Zl) ZO[JI,JH]
. 1 0 .
= —ng2 d4x - ZAFJ(O) + /d421d422 AFJ(I,Zl)AFJ(l'7ZQ)J[(Zl)Jl(ZQ) ZQ[J[, JH]
2 i 8Jp(x)
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_ {1922 / d*2 iAg(0) / A2y iAp g (2, 21)id g (21)

—i%/d4$/d421d422d423 Z.AF,Z(JZ,Zl)iAF,l(x,ZQ)Z.ARH(J),Zg)iJl(Z1)Z'Jl(ZQ)7:JH(Z3)}Zo[Jl,JH] y
(4.47)

where we again introduced additional i-factors. When we compare both expressions, we are able to introduce
a consistent diagrammatic language in order to substitute the cumbersome mathematical expressions. To
this end, we consider the different mathematical elements of Eqs. (4.46) and (4.47) and introduce a dia-
grammatical equivalent for each of those elements. First of all, we observe that the Feynman propagators for
both fields are present in all expressions. The physical meaning of these objects is simply the propagation
of a particle of the species [ or H from one space-time point to another. Therefore, it is quite natural to
introduce

iApyl(:c,y) = ;———. s Z'ApyH(SU,y) = ;—Z (448)
as diagrammatic equivalent of the different propagators. In addition to that, the expressions (4.46) and
(4.47) involve Feynman propagators with vanishing argument, which will be identified with

N
. . / . .
ZAF,l<x7 $) = ZAFJ<O) = /\ ) ZAF7H(x7 :E) = ZAFJLI(O) = Q . (449)

\\. P
. . :L, . . x . .
Furthermore, each expression involves a factor of the respective coupling constant and a space-time integra-
tion over x. These vertices can be represented as

’ ’
—igl/d4x = >/ , —igg/d4x = —d . (4.50)
A ™

\ \

Finally, we are left with the external sources which are always contracted with a Feynman propagator. In this
context, the ”contraction” has to be understood with respect to the space-time variable which is integrated
over. This has to be understood as an infinite-dimensional generalization of a matrix-vector product. In our
diagrammatic language, these external sources shall be illustrated by

/d4z iJi(z) = ?--- , /d4zz'JH(z): o— . (4.51)

z

Using these Feynman rules, we are able to translate the mathematical expressions (4.46), (4.47) into a
diagrammatic language. We find

2 2
9 [gae (L0 N (10
)4 <i5JH($)> <i6Jl(:v) Zol i, Tu]

/\\
1 PN I\ 1 Q a\
_ 1)y O+ o9 + @~ + =1 3& = ¢ Z[J, Jy] (4.52)
3 I A zZ1 T 29 zZ1 T 29 o’
Z9 zZ4
and
2 -~
.g2 4 1 6 1 (5 ) 1 4 \ &\
-y deg H ZoldJul =54 " 9—@ + 1 e—@ o ZolJiJu]. (453
G [ s ) Al =30 {_3e+ oo pabnm . (s
Z2

In order to obtain the full expression of the generating functional up to first order in the coupling constants,
we also have to evaluate the normalization constant (4.38). It is quite obvious that the normalization
constant will give us the same terms as in Egs. (4.46) and (4.47), since we have to calculate the same
functional derivatives of the free generating functional. But in contrast to Eq. (4.39) we have to evaluate
these terms for vanishing external sources J; = Jy = 0, so that only the first term of Eq. (4.46) survives.
Therefore, the normalization constant can be written as

1 T s I
Mnt _eXp{Z/d .Z’ng (Z (SJ[(.%‘)’ i (SJH(SE) Z()[Jl,JH]

Ji=Ju=0
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2 2 2
.01 4 1 (S 1 (5 .g2 4 1 (5 1 (5 2 92
= 1— e — — —_ 77— — —
{ ) de (z 5JH(1;)) (z @) T2 ) Y s Gy ) O 92 9192)

X Zo[Jl, JH}

Ji=Jg=0

= {1 — ’L% d*z ’L‘AF’Z(O)Z'AF_’H(O) + O(gf,g%,glgg)} Zo[Jl, JH]

1,77~
— 130 X)) O g p Zoli,Tu). (4.59)

-

where we used the results (4.39), (4.46), and (4.47) and substituted the mathematical expression of the
non-vanishing term by its Feynman diagram. The final expression of the full generating functional (4.37),
up to first order in g1, g2, can now easily be stated by collecting the results (4.39), (4.52), (4.53), and (4.54)
and inserting them into Eq. (4.37). Since the mathematical expressions are quite long and cumbersome, it
will be easier to perform this calculation in the shape of the corresponding Feynman diagrams. We obtain

/\\
1 =9 I\ ] Q a\ 1 ,—\\ &\
1+ |1 +t 0@+ @90+ 1 6B [+_ | @+ * e—e
41N Z1 T 2 zZ1 T 2 o’ 2 (v _ =z o T 2
22 Z2

Z1Ji, Ju] = =

X Zo[Ji, Ju] + O(g1, 95, 9192)

/\\

e o O e s] i, e
=91+ ! O+H’—Q+@-- -Q + 1 =B |+ —@+ 7l e—@

41N Z1 T 2 zZ1 T 2 o’ 2V _r =z o T 2

%) Z4 22

1,77 2 2

X 1—1'\ Zol i, Ju] + O(971, 93, 9192)
-~“x

/\\
) -
1 ! Q 2 1] »~> a
=ql+7 ol @ + Q- o/-0 + &% | +o |1 @+ F1le—@ | b Zl, Ju]
Z1 x Z92 z1 x z9 e’ x <~_7sT Zz1 @’ xr Z3
29 Z4 %)

+0(9, 93, 9192) (4.55)

where we expanded the denominator according to (1 + z)~! ~ 1 — x in the second step. Obviously, the
normalization constant ensures that the two-loop vacuum diagram cancels from the generating functional.
This is not a coincidence, since one can show to all orders in perturbation theory that the vacuum diagrams,
i.e., those diagrams without external legs, have to cancel, if the generating functional is normalized. A vivid
proof of this statement for ordinary (*-theory can be found in Ref. [PeSc]. In principle, using Eq. (2.64),
it would now be possible to calculate the first-order corrections of the n-point functions of our toy model.
Then, the whole procedure, presented in this subsection could be used to calculate higher-order corrections
of the full generating functional and of the n-point functions. Of course, these calculations become more and
more tedious for higher orders in the perturbative expansion. But since this analysis is not important for
the following sections, we stop the perturbative expansion at this point and turn to the low-energy analysis
of our scalar field theory.

4.1.2 Low-Energy Effective Model

The basic considerations of the previous subsection were intended as a brief introduction into the functional
treatment of a scalar quantum field theory, but also as a starting point of the low-energy analysis of this
Subsection. To be particular, starting from the toy model (4.1), we want to find an effective model which
describes the dynamics and phenomena of our scalar field theory at low energies. The basic idea of this kind
of analysis is the simple observation that each physical process involves many energy scales. The starting
point of a low-energy analysis of such a process is now based on the fact that, in general, these energy scales
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are widely separated. This allows us to find an approximate low energy description of the physical system
without including the details of high-energy phenomena. To this end, one has to identify the relevant degrees
of freedom at low energies. Other parameters and degrees of freedom which are large compared to the chosen
energy scale can be sent to infinity. In order to improve this approximation, it is possible to introduce the
interactions of the neglected energy scales as small perturbations of the low-energy description. As already
mentioned in the introduction of this section, our toy model describes the interaction of a light scalar field
o1 () with a heavy scalar field ¢y (). From now on, we assume that the mass of the heavy field excitations
myy is very large compared to the light particle mass my, i.e., mgy > m;. Now, at energies smaller than the
heavy particle mass, we expect that the dynamics of the toy model is fully determined by the self-interaction
of light scalar field ¢;(z). In order to derive an effective field theory for the low energy regime of the theory,
we have to integrate the heavy field out of the action (4.1) of our model. The starting point for this analysis
is given by the functional integral

(@11, 0m, 5,001, PH i, —00) ZN/@W(QJ)@@H exp {iSioyl1, pul}

. 4 _1 o ml2 2_
=N | Dpi(z) expi | d*x 3 (Dupr) 01 — 5 ¥
. 1 m2
x /%OH(%) exp {Z/d4x [2 (Oupr) o — =6 — %w?{@? - Q;sowf]}
. 4 ]2 m mz2 2]
=N [ Q¢(z) expi | d*z 3 (Dupr) o1 — Eaiite Iulel , (4.56)
where we used Eq. (2.52) and defined the functional integral of the heavy field as
. 1 m3 g g
Inlel) = /%DH(OJ) exp {Z/d“x [2 (Oppn) 0" om — 0% — le%so? - ;son?H : (4.57)

Since the interactions between both fields only involve at most quadratic powers of the respective fields, the
above functional integral can be solved analytically. According to the discussion of the previous subsection,
we rewrite this functional integral as

‘ 1 m? g g
Inlpl] = /%pH(I) exp {Z/d4x [QwHDsOH - ek - jw?mz - fsompzz

i
= /%ﬂH(w) exp {—2 /d4x [wH (D +my + %w?) on + gww?]}

= [ Zonte) e {~§ [ atet'y en@)nteatont) i [ s Fu@ento)} @59
where we integrated the kinetic term by parts and defined the operator
Op(@,y) = Do +m¥ + Loh@)] 9@ —y) (4.59)
and the "source”
Jo(@) = ~ i () - (4.60)

2 l
In order to ensure the convergence of the Gaussian functional integral (4.58), we have to perform the Wick
rotation of the integrand. Using Eqs. (4.12)-(4.21) we find

1
Inlp] = /-@sﬁH(mE) eXp{—2/d4xEd4yE @H(mE)ﬁgol,E(ﬂvayE)sﬁH(yE)+/d4IE Jgal(xE)%’H(l“E)} ;
(4.61)
where we defined the Euclidean operator
Opr.(@p,yp) = |~Dop +mh + Lot (06)| 09 (05 — y) - (4.62)

Again, we obtain a damped real part of the integrand, so that the convergence of the functional integral is
guaranteed. Finally, using Eq. (6.39), the functional integral is given by

—1/2
1
IH[QOl] :NH (detﬁw,E(l‘E,yE‘)> exp {2/d4$Ed4yE Jw(;vE)@;l%E(xE,yE)J@l (yE)}
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=Ny (detﬁw (z, y)) o exp {; / d*zdly Jy, ()0, . y) Iy, (y)}
(st ) e {i [ty Bt Dy + Lat@] 0 et}

— N (detml (x, y>) e { [ Lotw) D my + L) sa%u:)} 7 (4.63)

where we performed the analytic continuation back to Minkowski space-time and introduced the inverse
operator

- 91 -1
5 y) = Do+ iy + Lot @) 09w —y) (4.64)
in the third line. This result can now be inserted into the transition amplitude (4.56), so that

<90l fryPH,f> OO'QOZ iy PH,i» —

m2
—N/QSDI eXP{ /dﬂﬁ [ u@l)3“¢1—21<ﬂ12]}

4 92 2 -1,

xNH<detﬁw( T,y )) exp{ /d 8 (D+mH+ cpl) gol}

~1/2
. 1
~Negs [ 2ata) (tet0 (o) e {i [ [F0um0% - Thot + Lot (04t + L?)

(4.65)
with NVesr = NNpy. The inverse operator in the above exponential can be expanded as follows
—1 _ -1
D+t +2ei@] = {@+mi) 1+ 5 @+md) " @)}
- O+mi) " i) Y ()
ol O ae] S e Gy
1 & a2 O\ . .
=— Z(—l) pcal B terms involving two or more ¢; fields , (4.66)
n=0 H

where we only took the m = 0 term of the second sum. The reason for this step will become apparent, when
we apply the methods of this section to the extended Linear Sigma Model in the following sections. Since,
by assumption, the mass of the heavy-field excitations is very large in comparison with the other parameters
of the model, we are able to neglect terms of order O(m 6). Then, the action of the low-energy effective
theory for our toy model is given by

2 2
4 2 My 9 92 o g 2
tO’y Eff /d |: ngl) - 2 gpl + 8m%1 @l <1 - m%{) %0[:|

— [ gt 1 9 2 le 2 9% 4 9 9 2 4.67
= T 5( LP1) Wt Pl T (Oupr)”| (4.67)
H H

where the superscript (1) refers to the fact that we expanded the inverse operator (4.66) only up to n = 1.
Furthermore, we integrated the last term of the above equation by parts. Before we want to interpret this
result, we turn back to the transition amplitude (4.65). After integrating the heavy field ¢ (x) out of the
theory, we are left with an exponential including the low-energy effective action of our toy model times
the functional determinant of Eq. (4.59). In the following, we want to find the physical interpretation of
this functional determinant. To this end, we first have to rewrite the operator (4.59). The basic idea is to
represent this operator as a generalized matrix-matrix product of two other operators, i.e.,

Oprlw,a) =[O+ + L (@) 69 (@ — a)
— (Dm + m%,) S (x —a") + % (Dx + m%) ARH(I,x’)golQ(x')
= [ty [0+ md) 69 — )6y — o)+ 2 (@ i) 09 @~ ) A ()6 o)

= /d4y Oo(2,y) O, 1(y, @) (4.68)
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where we used that the heavy-particle Feynman propagator is a Green function of the respective Klein-
Gordon operator. Furthermore, we defined

Oo(z,y) = (Dw + m%) 5@ (x—vy), (4.69)
Oprily,a) = 6D (y — ') + L Ara(y, )} (a!) - (4.70)

The reason why we wanted to represent the operator (4.59) as a product of two other operators becomes
apparent, when we insert Eq. (4.68) into the functional determinant. Since the determinant of a product
of matrices is equal to the product of the determinants of the respective matrices, we are able to rewrite
the determinant of the expression (4.59) as the product of the determinants of Eqgs. (4.69) and (4.70). At
this point, we remember the discussion of the functional determinant of the previous subsection. There,
we showed that the functional determinant of Eq. (4.11), which is identical to Eq. (4.69), corresponds to
an infinite constant. Now, since we are able to factorize this infinite factor, we are can absorb it into the
normalization constant. Using these considerations, we find

—1/2

~1/2
(detﬁw (z, x')) = (detﬁo(x, y)detOy, 1(y, az’))
1
= Nget €xp {—Q’I‘rln @pl,l(y,x’)} , (4.71)

where we again used that the logarithm of the determinant of a matrix is equal to the trace over the logarithm
of this matrix. As mentioned before, the infinite factor My can be absorbed into the overall normalization
constant. At this point, we are able to study the physical meaning of the above exponential. To this end,
we have to expand the matrix logarithm into its series representation

(_1)77,+1

In(l42) = i Tm" . (4.72)
n=1

In contrast to the discussion of the previous subsection, it will be advantageous to consider the above series
representation instead of the general case (4.41), since the operator (4.70) is already in the right form to use
Eq. (4.72). We find

1
exp {—2Trln ﬁwhj(x,x’)}

X _1\n+1 n
= exp {—; Z %Tr (%AF,H(% x’)(p?(x’)) } , (4.73)

where we renamed the space-time variable y — x. In order to interpret this result, we consider the m-th
term of the above series
—1)m+1 m
E0 g (%ARH(%x')@?(%'))
)
m
(_1 m+1

= (%1) /d43?d4331 o d* 1 Ap (@, 21) 07 (21) Ap (@1, 22) 0] (22) -+ Ap g (Tm—1, )¢} ()

_ L (Zs
m 2

The reason why we introduced the additional i-factors in the last line is that we are now able to use the
Feynman rules of the last section in order to translate the above expression into a Feynman diagram. The
external sources of the previous discussion are now given by the light fields ¢;(z), because we are able to

Tr [(921) /d4$1d4x2"'d4$m71AF,H($;ml)@%(xl)AF,H(mly172)80[2(552)'"AF,H("L'mfl?I/)(PlZ(x/)

) /d4a:d4x1 e d4xm_1iAF7H(x, xl)i2<p52(x1)iAF,H(x1, xg)i2<p52(x2) AR g (Tpm—1, x)z%pf(x) .
(4.74)
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interpret them as external fields in this context. Translating Eq. (4.74) into a Feynman diagram, we find

2 9
Q\Q\ o

(4.75)

Obviously, this term describes a connected one-loop diagram with m vertices. When we naively compare the
left- and the right-hand side of Eq. (4.75), it seems that the constant factor 1/(2™m) is missing. But in fact,
this is not the case, since this factor exactly cancels out because of the symmetry properties of the diagram.
To be particular, at each of the m vertices, the external light fields can be interchanged, which gives a factor
of 2™. Furthermore, the diagram is symmetric under the cyclic group of rank m, Z,,, i.e., there are m
possibilities to rotate a distinct vertex into a neighboring vertex, yielding another factor of m. Combining
both factors, we end up with a symmetry factor of the diagram, which is equivalent to the constant factor
of the logarithm series. Finally, translating each term of the logarithmic series into a Feynman diagram, Eq.
(4.73) becomes

1
exp {—2Trln ﬁ¢l71(x,z’)}
1 _
= exp {—2 |:g21T1" (AF,H(xvxl)gof(ﬂf’)) 4 (%

ﬂ (2)" ™ [(AFH(x,x')ﬁ(x’))m] +]}

g O\R z 3Q\ /’

_ Q Q o+ ,f{: oY (4.76)

«( Il'"\bxm 1

where we used that each diagram contains one factor of (71), so that the exponential gets a positive sign.
Obviously, the factor containing the functional determinant, Eq. (4.71), corresponds to the one-loop correc-
tions of the 2n-point functions of the light scalar field ¢;(x).

Before we discuss the consequences of this result, we turn back to Eq. (4.65). After integrating the
heavy field out of the theory, the low-energy effective theory contains an infinite series of interaction terms
for the light field. Each of these terms is coupled with a so-called Low Energy Constant (LEC), which in
principle contains all the information about the heavy particles which have been removed from the theory.
An explicit example for these LECs is given by Eq. (4.67), where we neglected all interaction terms involving
more than four light fields and all terms of order (’)(mBﬁ). The remaining interaction terms in St(i;’ eff are
coupled by the LECs ¢3/8m?% and g3/2m%;. These constants can also be obtained in another way. In order
to see this, we observe that the action (4.1) is symmetric under the Zs transformation ¢; — —¢;. At low
energies, this symmetry must be conserved, so that it also must be present in the corresponding effective
theory. Therefore, a possible ansatz for the low-energy effective theory would be given by the most general
Z5 symmetric Lagrangian

Stoy,ertlpr] = /d4$ [Lou(1, 0u) + 1o} + L0} +..] (4.77)

with coefficients ¢; to be determined. These LECs can be obtained by matching the effective theory to the
initial theory, since both theories must be identical, i.e., must yield the same scattering matrix elements,
at high energy scales. The matching condition for ¢; and ¢5 is depicted in Fig. [4.6] and shows how, at
tree-level, the effective theory must be matched to the full theory. To be particular, one has to calculate the
scattering matrix element of the s-, t-, and u-channel diagrams of the full theory and expand the resulting
expression for large my. This is possible, since the heavy particle mass is very large compared to the
energy scale at which our effective theory should be valid. Then, we calculate the same expressions for the
effective field theory and compare both expressions in order to determine the LECs ¢; and /5. This matching
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Figure 4.6: Tree-level contributions to ¢;¢; — @1 of the full and the effective field theory.

procedure can also be extended to loop diagrams, which will result in loop corrections of the LECs of the
theory. At this point, the importance of the functional determinant (4.76) comes into play, since it includes
the one-loop contributions to the 2n-point functions of the light fields. But in this work, we will only focus
on the determination of tree-level LECs, so that we do not have to consider the functional determinants of
the theory.

4.2 The Extended Linear Sigma Model (eLSM)

As already mentioned in the introduction of this chapter, we now turn to the eLSM. In the following
Subsections, we present the eLSM in detail. In Sec. [4.2.1], we introduce the physical content of the model.
Then, in Sec. [4.2.2], we focus on the mathematical implementation of this physical content and introduce
the main building blocks of the eLSM. Furthermore, we will use these basic objects to construct the relevant
interaction terms of the model.

4.2.1 The Physical Content of the eLSM

In Sec. [2.3], we briefly introduced Quantum Chromodynamics by deriving the QCD Lagrangian. It was
shown that the quark part of this Lagrangian possesses an approximate SU(Ny)y x SU(Ny)a symmetry,
the so-called chiral symmetry. In the third Chapter, it turned out that chiral symmetry plays an essential
role in the non-perturbative treatment of the low-energy regime of strong interactions. The framework
of Chiral Perturbation Theory basically relies on the analysis of the hadronic n-point functions and their
symmetry relations. Furthermore, it can be shown that ChPT yields the most general solution of the chiral
WFT identities, see Ref. [Leut]. In this approach, the dynamical fields enter the Lagrangian through a
nonlinear realization of the underlying chiral symmetry, compare Sec. [3.2]. An important characteristic
of this nonlinear realization is that the scalar hadronic degrees of freedom are already integrated out, so
that only the Nambu-Goldstone bosons, i.e., pseudoscalar objects, enter the Lagrangian. This is beautifully
demonstrated by Eq. (3.165), where the zeroth component of the Euclidean unit vector U is eliminated
by solving the normalization constraint. In Sec. [3.2], we also saw that, in the case of an exact underlying
symmetry, the interaction terms of these fields always have to involve space-time derivatives. The physical
meaning of this circumstance can be understood, when we translate the space-time derivatives into momenta
of the Nambu-Goldstone bosons. Then, we recognize that their interaction becomes arbitrarily weak at small
momenta, which is a basic feature of Nambu-Goldstone bosons. In addition to that, the derivative couplings
offer a way for a systematic expansion of the scattering-matrix elements in powers of Nambu-Goldstone boson
momenta. Another possibility to realize chiral symmetry in an effective field theory containing hadronic
degrees of freedom is given by a linear realization. In these so-called linear sigma models, scalar and
pseudoscalar fields enter the Lagrangian. In addition to that, it is possible to extend this linear sigma model
in a way that also vector and axial-vector degress of freedom can be included, see also Ref. [Par2]. In the
following, we want to introduce these degrees of freedom for the case of two quark flavors.

4.2.1.1 Scalar Mesons

Mesons with spin quantum number S = 1 and angular momentum L = 1, coupled to a total angular
momentum of J = 0, are called scalar mesons. The term ”scalar” derives from two important properties
of the corresponding field. On the one hand, the vanishing total angular momentum requires that the
corresponding field transforms as a singlet (or a scalar) under proper orthochronous Lorentz transformations.
On the other hand, using

P = (1) (4.78)

we obtain a positive parity, which ensures that the scalar field does not change its sign under spatial reflec-

tions. Furthermore, using
C = (-1t (4.79)
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we obtain that scalar mesons also have a positive sign under charge conjugation transformations. It is
conventional to summarize the above properties by classifying

I(Jr%y , (4.80)

where I denotes the isospin quantum number. In this convention, the scalar mesons are classified as I(01T)
mesons. The possible values of the isospin quantum number can be derived as follows: In the case of Ny = 2,
the QCD Lagrangian possesses an approximate global SU(2)y symmetry, compare Sec. [2.3.2]. The quark
and anti-quark fields arise as irreducible representations of the isospin group. In particular, the quark field
U(x) defines an isodoublet, denoted as [2], while the anti-quark field emerges as an anti-doublet. Now, the
quark/anti-quark nature of a meson requires the coupling of the doublet with the anti-doublet. According
to the usual coupling rules, one finds

2l Rly=N0lye B, (4.81)

i.e., a singlet, I = 0, and a triplet, I = 1. The eLLSM contains both, a singlet scalar meson, denoted as oy,
and a triplet of scalar mesons, which will be described by the isospin vector &y = (a1, ao,2, aovg)T. Especially
the singlet o will be of great importance in the analysis of Sec. [4.3]. This significance originates from the
fact that a singlet scalar meson has the same quantum numbers as the vacuum, so that the oy-field will be
allowed to acquire a non-vanishing vacuum expectation value. This fact will be used in Sec. [4.3] to model
the spontaneous breakdown of chiral symmetry in the framework of the eLSM. Now, we have to identify these
fields with physical particles'. This allows a certain scope, since there are various possibilities. For example
in the isotriplet sector, there is the ag(980) meson with a mass of 7,4, 930) = (980420) MeV and in addition
to that, there is the ag(1450) meson with a mass of mg(1450) = (1474 & 19) MeV. In the singlet sector, the
situation is more involved, since many 0(0" ) states were found by the experimentalists: The f,(500) with
a mass of m 500y = (400 — 550) MeV; the fp(980) with a mass of my,9s0) = (990 £ 20) MeV; the fo(1370)
with a mass of my 1370y = (1200 — 1500) MeV; the fo(1500) with a mass of my,(1500) = (1508 & 6) MeV
and the fo(1710) with a mass of mg,(1710) = 1722f(5i MeV. In addition to that, there is another ambiguity
concerning the scalars, which arises from the inner structure of these resonances. To be particular, some
of these resonances, like the fy(980), are sometimes considered as exotic objects like multiquark states,
glueballs, or meson-meson bound states. But the discussion of these possibilities lies beyond the aim of
this work, so that we, for example, refer to Ref. [Par2] for a more detailed summary of the singlet scalar
mesons and to the literature for more information concerning the exotic objects. Throughout this work, we
will interpret the oy-field as well as the d@p-fields as quark/anti-quark states, so that all four fields can be
combined to a four-vector in isospin space, which can be assigned to the following quadratic form

S = V2 (2)TeV(x) ,a=0,...,3, (4.82)

where the generators are given by Egs. (6.13) and (6.15). In the following, we want to study the transfor-
mation behavior of Egs. (4.82) with respect to infinitesimal vector- and axial-vector transformations and
show that S really transforms like a scalar meson. To this end, we also check the transformation proper-
ties of Eq. (4.82) with respect to proper orthochronous Lorentz transformations, C-transformations, and
P-transformations.

Before we are able to determine the transformation behavior of Eq. (4.82) under infinitesimal SU(2)y-
and SU(2) s4-transformations, we have to find the respective transformation properties of the quark and
anti-quark fields. From Eq. (3.142), we obtain

U(z) "LEY W (@) = (1 —iay, ) O(x) (4.83)
U(z) "L W (2) = (1 - ioainsTE) U(x) | . (4.84)

Then, the transformation behavior of the anti-quark fields follows immediately

SU©2)v

K

V' (z) = [(1 —iav,T}) \IJ(JJ)]T’YO = U(z) (1 +iav, V) , (4.85)

V(x) = [(1 = i sT8) U(a)] T y0 = U(x) (1 - iaamsTy) (4.86)

()

B (z) SU(2)a

where we used Eqs. (4.83), (4.84), as well as (6.29). Using the above relations, the a = 0 component of Eq.

I Unless indicated otherwise, all masses are obtained from Ref. [PDG].
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(4.82) transforms as

§0(z) TR G075y = ﬁ@(x)@ n iozv,iT(,>T8 (1 . mv,jTg.)\p(x)
= V20 (z) [1 — iy T + o T + C’)(a%,’i)] U(z)
=S%z) , (4.87)
and
§0(z) YR 50 (1) = V2T @(1 —iaa ﬁg,Tv)Tv( mA,ﬂsT&)\p(x)

V2U (2)TO U (2) — an i V2V (2)iys Ty U ()

U (
VRU(@)TY [1 = i 5T, — iansTy + 004 )] ()
W(
g0 (z) —da- P( ), (4.88)

where we defined the vector P(z) = v2¥(z)ivsTy ¥ (x) and neglected terms of quadratic or higher order
in the group parameters. In the upcoming subsection, we will see that this vector belongs to a similar
four-vector like Eq. (4.82), which can be assigned to pseudoscalar fields. From Eq. (4.87), we observe that
the zeroth component of Eq. (4.82) indeed transforms as an isoscalar. On the other hand, the axial-vector
transformation induce a mixing of the scalar singlet and the pseudoscalar triplet. A similar result can be
found for the triplet component of Eq. (4.82)

Si(z) “YAY §i(p) = 2 U (@(1 + iy T4, )Tv(l . iamT@)\p(x)
= V20 (z) { — oy ik THTE + oy, THTE + O(oﬂw)} U(z)
= V2U(@) T W () — V2O (@)iav, [T, T} W)
= V2U ()T U () + €9y V20 (2)TE W (2)
= (S) x Sz ))Z , (4.89)
Si(z) “UAA gir(g) = \/éxif(x)(l — i ysT, )T{/( iaa mTV)xI/(x)
= V2U(2) [T — iaa 5TV T — iaa s TU T + 00 )] ()
= V2 () T3 U (x) — V20 (2)iaa v [T@,Tg.} L T@)
— VEU ()T U () — 0y VU (2)irs U (2)
= (S() - aAPO(a;))Z , (4.90)

where we used Egs. (6.7), (6.8) in combination with Eqs. (6.13) and (6.15) and defined P%(x) = v2U(2)ivsTO ¥ (z).

This object defines the zeroth component of a four-vector describing the pseudoscalar isosinglet and isotriplet
fields. From Eq. (4.89) we obtain that the transformation behavior of S with respect to SU(2)y transforma-
tions looks like the infinitesimal rotation of a vector in isospin space. This result is not surprising, since the
triplet was initially defined as an isovector. Similar to the singlet component of Eq. (4.82), the axial-vector
transformations mix the scalar isotriplet with the pseudoscalar isosinglet.

Using Eqs. (3.86), (3.87), (3.94), (3.95) as well as Egs. (3.101) and (3.102), it is easy to show that Eq.
(4.82) transforms as a scalar object. For proper orthochronous Lorentz transformations, we find

O+(1 3)

S%(x) S(2') = V2B(A2) S~ (A)TES(A) U (A~ z) = S*(A~z) . (4.91)

For the discrete symmetry operations, we obtain

§4(x) <5 89 (z) = V2U (2) CTECT! (z) = V2 (U (2)T*U(z))' = S%(x) , (4.92)
S%(t,r) 25 8V (t,1)) = V2U(t, —r)7oTeroU(t, —1) = V20 (¢, —1)Te T (t, —1) = S°(¢, —1) , (4.93)
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where we used that the * only acts on spinor space. In addition to that, the second step of Eq. (4.92) involves
two sign changes. The first change of sign originates from the square of the charge conjugation operator,
CC = —1, while the second one arises from the interchange of the two fermionic fields. The above Egs.
(4.91)-(4.93) show that Eq. (4.82) really describes a JP¢ = 0%+ object.

4.2.1.2 Pseudoscalar Mesons

Similar to the scalar mesons of the previous subsection, the pseudoscalar mesons also carry a total angular
momentum of J = 0. But in contrast to the scalar ones, here this total angular momentum quantum number
arises from a different coupling of the angular momentum L and spin S. To be particular, the pseudoscalar
mesons are particles with spin S = 0 and angular momentum L = 0. Due to Egs. (4.78) and (4.79), the
pseudoscalar mesons are I(0)~T particles. In accordance with the discussion of the previous subsection, the
possible isospin quantum numbers are I = 0 and I = 1. The isosinglet pseudoscalar field that enters the
eL.SM will be denoted as 1y, while the isotriplet will be described by @ = (1, T2, m3)7. Again, we have to
identify these fields with physical particles. The possible 0(0~T) states are given by the n-meson which has a
mass of m,, = (547.862+0.018) MeV; the 1(958) with a mass of m,(g955) = (957.78+0.06) MeV; the 7(1295)
with a mass of m,(1295) = (1294 & 4) MeV; the 1(1405) with a mass of m,(1405) = (1408.8 £ 1.8) MeV and
finally the 1(1475) with a mass m,(1475) = (1476 = 4) Mev. In this work, we want to identify the ny field
with the lightest n-mesons. In this context, the strange/non-strange isoscalar mixing has to be taken into
account, since the mixing in the pseudoscalar sector is not negligible. This implies that ny-field contains
information about the n-meson as well as the 7/(958). For further information concerning the 7-7’-mixing,
see Ref. [Par2] and refs. therein.

Now, we turn to the 1(0~7F) states. The isovector 7 shall be identified with the pion triplet {7r0, wi}z.
Due to isospin-breaking and electromagnetic effects, the masses of the neutral and the charged pions are
slightly different. While the neutral pion has a mass of my o = (134.9766 & 0.0006) MeV, the mass of
the charged pions is given by m,+ = (139.57018 + 0.00035) MeV. As already mentioned several times,
the three pions are considered as the (pseudo-)Nambu-Goldstone bosons of spontaneous chiral symmetry
breaking. Therefore, they will play a key role in the low-energy analysis of the eLSM in Sec. [4.3]. For
the sake of completeness, we want to summarize the two remaining 1(0~F) resonances which could be de-
scribed by 7: The m(1300) with a mass of my(1300) = (1300 & 100) MeV and the 7(1800) with a mass of
mﬂ(lsoo) = (1812 + 12) MeV.

As already introduced in the previous subsection, the pseudoscalar fields can be assigned to a quark/anti-
quark bilinear form B
P*(2) = V2 (2)irs T3 U(a) | (4.94)

which describes the isosinglet for a = 0 and the isotriplet for a =4 = 1,2,3. In analogy to the scalar case,
we want to derive the transformation behavior of Eq. (4.94) under vector and axial-vector transformations.
Using Egs. (4.83)-(4.86), the singlet component transforms as

PY(z) = \/ﬁxif(x)(1 + iav,iTa)i%Tg (1 - iav’jT{})\II(m)

— V20 (x) {mTe — i T icvy ;T4 + vy i Tirins T + 0(@%/71-)} U(z)

= P%x) , (4.95)
and
PY(z) S@A PY(z) = \@\T/(x) (1 — iozA,msT‘i/)i%T‘(} (1 — iaAJ-%T{}) U(x)
= \/ﬁ@(x) [i’ysT‘O/ — i'ysT‘(}iaA’j%Té — iaA’mg,T‘i/i%Tg + 0(0412471-)} U(x)
= V20 (2)ivs TOU(x) + aa V20 (2) T, (x)
= P2) +da-S(z), (4.96)
where we used 72 = 1454 as well as [TS, T{/} =0, fori=1,2,3. Again, we find that the zeroth component

transforms as a singlet with respect to vector transformations. Furthermore, the axial-vector transformations

2 This formulation is a bit inaccurate, since the isovector 7 consists of neutral pseudoscalar fields. The physical pion fields
can be obtained as linear combinations of the components of the isovector #. The same statement holds for all other charged
resonances.
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induce a mixing of a pseudoscalar object with a scalar one. The triplet components transform according to

Pi(z) "TA pi(e) = V2T (2 <1+zaVJT >275T€,(1 _mv,kTé)\y(x)

20 (x {275TV insTiiay 1, TE + iay ;T ivs Ty + O(ai;)| ¥(x)

(2) + av,V2U(2)ys [T, T)| ¥(a)

T (@) + €av,; V2O (2)ins T (2)

- (ﬁ(x) +ay x ﬁ(m))i , (4.97)

20 (z)ins Ty, W

)
)
)
)

T EE

20 (x)iys

and

P'(z) SUBRA pi (2) (1 - iaA7j’y5T‘J}>i75T‘i/ (1 - iaA,k'yg,T"})\Il(x)

() {i%T‘i/ — i Tiica ks T —ioa jvsThis T + O(a% ;)| ¥(x)
U(2)ins T3 () + oa V20 () [T{,, TH V(@)

(@)irs T3 (x) + oy V20 (2) T W (x)

() + daS°(x )) , (4.98)

where we made use of the commutation and anticommutation relations of the Pauli-matrices, Eqs. (6.7),

(6.8). Finally, we want turn to the space-time transformations. Using similar manipulations as in Egs.
(4.91)-(4.93), we find

Po(a) S0 par(ry = VBE(A w)S ™ (A)ins TES(A)W(A2) = PY(Aa) (4.99)
P(x) <, PY(z) = V2! (2)Cins TECU () = V2 (\I/(x)i%T{i\IJ(x))t = P%x), (4.100)
P(t,r) i) Pa/(t7r/) = \@‘i’(t, 71‘)707;75113'70\1](753 —r)=—P%t,—r1) . (4.101)

4.2.1.3 Vector Mesons

As already mentioned in the introduction of this subsection, the usual linear sigma models can be extended
in order to include vector and axial-vector degrees of freedom. This possibility is quite important for a
meaningful description of QCD in terms of a hadronic model, since it is well known that the scalar and pseu-
doscalar degrees of freedom not only interact among themselves, but also with the vector and axial-vector
ones. In Sec. [4.3], it will be shown that these interactions also have strong influences on the low-energy
properties of the eLSM.

Before we turn to the axial-vector mesons in the upcoming Subsection, we want to consider the vector
mesons. These mesons are characterized as I(1~7) particles, where the total angular momentum J = 1 is
obtained by the coupling of angular momentum L = 0 with spin S = 1. The negative parity and charge
conjugation then follows from Egs. (4.78) and (4.79). Similar to the scalar and pseudoscalar mesons,
the eLSM includes an isosinglet vector meson, denoted as wh;, as well as an isotriplet of vector mesons,
which will be denoted as p*. The latter fields can be identified with the p(770) mesons which have a mass of
My(770) = (775.2640.25) MeV. Similar to the previous subsections, it is possible to find heavier vector mesons
with the same quantum numbers. Those are given by the p(1450) with a mass of m 1450y = (1465425) MeV
and the p(1700) with a mass of m,1700) = (1720 & 20) MeV. In the isosinglet sector, the wxy will be iden-
tified with the w(782) which has a mass of m,(7s2) = (782.65 & 0.12) MeV. Other possible isosinglet states
are given by the ¢(1020) with a mass of mg(1020) = (1019.461 4 0.019) MeV; the w(1420) with a mass of
My, (1420) = (1400 — 1450) MeV; the w(1650) with a mass of m,(1650) = (1670 £ 30) MeV and the ¢(2170)
with a mass of mg(2170) = (2175 £ 15) MeV. At this point, it has to be taken into account that we neglect
the small strange/non-strange mixing in the isosinglet sector, so that the w(782) will be considered as a
purely non-strange state.

Also the vector mesons can be assigned to a quark/anti-quark quadratic form which will be defined as

VHY(z) = V2U ()Y TE U () | (4.102)
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where the a = 0 component represents the isosinglet, while the isovector is described by the a =i =1,2,3
components. In analogy to the previous subsections, we now want to study the transformation behavior of
the singlet and triplet components of Eq. (4.102) with respect to vector and axial-vector transformations.
While the singlet transforms according to

Vo (z) STV yuor () = /20 () (1 + iav7iT€/)7“T8 (1 - mv,jTg‘) U(z)
= V20 () {v“TS — W Tiay ; TV + iy T TY + O(a%,ﬂ-)} U(x)
=VH(z), (4.103)
and
VIO () "B Y () = VBB () (1~ a5 Ty )T (1= iy TE ) ()
= V2U(z) [W“T v — I Tiay, 5Ty — iaa s Toy Ty + 0(ad )
— (g (4.104)
the transformation behavior of the triplet components is given by
VH SU—;V VI (z) = v/2U(2) (1 + zavav) YT, (1 —iay, kTv)\I/(x)
= V2V(x) [ MY — oy Y T T +w¢V]'y“T T + 0(04\/1)] U(x)
= VEU(@) T W () — fav V(@) [T, T)| W)
— V2T T W () — €y, VI (@) THU ()

—

Vh(a) + dv x Vi) (4.105)

Il
/N

SU(2

VH () A YHY ()

x) (1 —iaa 5T ) YT (1 - iaA7k'y5T"§)\I/(x)

U (
U (x) [ PTE — oA iy PTEys TR — iaA}j%T‘J}’Y“T\i/ + O(ai,i)} W(z)
U (
U (

DV TP (@) — ioa; V2L (@)ys [T, T ()
)T () 4 o V2T (2)y 95 T 2)

H(g) + Ga X A”) , (4.106)

I
T e eSS

where we defined the quark/anti-quark quadratic form Ar = \/Q\T/(x)'y“%kall(x). In the upcoming sub-
section we will see that this object describes the triplet components of a four-vector (A#?), which can be
assigned to axial-vector mesons. In contrast to Eqgs. (4.88) and (4.96), the axial-vector transformations do
not induce a mixing of the singlet component of Eq. (4.103) with the triplet components of another bilinear
form. In the triplet sector, we obtain a similar transformation behavior as in the previous cases. Finally, we
have to check the space-time transformations. Using S~1(A)y*S(A) = A ~¥, the transformation property
of the vector current (4.102) is given by

S0*(1,3)

VHe(z) VA () = V2B (AT 2)STHA)YPTES (M)W (A~ e) = AL VYA 1z) | (4.107)

which shows that the vector current indeed transforms as a Lorentz vector with respect to proper or-
thochronous Lorentz transformations. Furthermore, using similar manipulations as in the previous Subsec-
tions, the transformation behavior under charge-conjugation and parity transformations can be obtained
as

VHEe (x) < VHY (1) = V20l (2) CAPTECT (z) = V20! (2)yM 1 TEW! (z) = —V/2 (\If(x)'y"T{}\Il(x))t
= —Vhe(g) (4.108)
Vet r) 25 VR (1) = V2Tt 1) Oyt TEAOT(E —r ) = (=)W VR (¢ —1) | (4.109)

where we used C~! = CT = —C and Cy*CT = —#t. The factor (—1)(®) was already introduced in the
discussion of Eq. (3.96) and indicates that the time-like and space-like components of Eq. (4.102) transform
with a different sign with respect to spatial reflections.
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4.2.1.4 Axial-Vector Mesons

The last type of mesons, which is included in the eL.SM, is given by the axial-vector mesons. As already
indicated at the beginning of the last subsection, the interaction of scalars and pseudoscalars with axial-
vector mesons is well known, so that these degrees of freedom also have to be taken into account. In the
usual convention, the axial-vector mesons are classified as I(171) states. In contrast to the vector mesons
of the last subsection, the total angular momentum of J = 1 of the axial-vector mesons is obtained by
the coupling of the angular momentum L = 1 with the spin S = 1. Then, these angular-momentum and
spin quantum numbers immediately lead to a positive parity and charge conjugation. The isosinglet state,
denoted as f{fN, will be identified with the f;(1285) which has a mass of my, (1285 = (1281.9 £ 0.5) MeV.
Like in the previous subsection, we neglect the small strange/non-strange mixing of axial-vector isosinglets.
Thus, f1(1285) will be regarded as a purely non-strange state. This implies that the heavier f;(1420), with
a mass of my, (1420) = (1426.4 £ 0.9) MeV, will be identified as a purely strange state. The isotriplet fields
which enter the eLSM will be denoted by @;'. These fields will be identified with the a1(1260) which has a
mass of mg, (1260) = (1230 & 40) MeV.

The triplet axial-vector current AH which we already introduced in the previous part can also be extended
to a four-vector that also involves the axial-vector isosinglet state. This four-vector is given by

AF(z) = V2 ()Y s TE U () (4.110)

The singlet and triplet components transform in an analogous manner as those of the vector current (4.102).
We obtain

SU(2)v

AR () AP () = /20 (x) (1 n mv,iTe)w%Tg (1 - mng) U(z)

=20(x) ['y“'yg,T‘(} - iavﬁj’y”'yg,TgT‘j/ +ioy Ty ysTY + 0(@%,’2-)] U(x)

= A" (z) | (4.111)
A0 () SEEE 41 () = V20 (@) (1~ e 75Ty )95 T8 (1 = ieva 95T ) W(a)
= V2U(z) (YT —iaa 7' v ToysT7 — ioa ivs Ty 1Ty + O(a ;)] ¥(z)
= AM(z) , (4.112)
and
Ari () SUCAY pmir () = /20 (2

(1 + ionJT{})'y“'yg,T‘i/ (1 - iaV,kTé) U(z)
U(x [7”75% —iav ey s Ty T + iy Ty s Ty + O(O‘%/,i)} V(z)

)
V2 (2)
= V2T (2)y s TE W () — iy ; V2T ()7 s [Te, TH ()
)
- ( 11 () + dy x /Y”(m))i : (4.113)

AP (1) SR AP () = V20 (2 (1 - iaA7j75T‘j})7“’y5T‘i, (1 - iaA,k’y5T"§)\I/(x)
[195Ty = iy 35 TisTE — iaa 35 Ti 35Ty + O(a? )| ¥ ()

VT () = ica V2R (@)Y | T T W(a)

|
o
K I
S
N~— N~— N~— S~—

VT () + e aa V2U @)y TH U (2)

= (gu(g;) +dax ﬁﬂ(x))i : (4.114)

The transformation behavior of the axial-vector current with respect to the different space-time transforma-
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tions can be obtained in a similar way as in the previous case. We find

Ak () SOZGD) pnar 0y — 3 (A1) S (A)yPs TES(A) T (A a) = AP A (A Le) | (4.115)
Are(z) <S5 AP (z) = VoW (2) Oy g TECV! () = V2U ()" T 0! () = V2 (B (2)y" 35T ()

= Ara(z) (4.116)
Arat ) Ly Aral (¢ 1)) = V2T (t, —1)y Oy s T (¢, —r) = —(—1)W AP (¢, —1) | (4.117)

where we again made use of the factor (—1)().

4.2.2 Terms of the eLSM

In the previous Section, we briefly introduced the physical content of the eLSM. In addition to that, we
assigned different quark/anti-quark currents which can be used to represent the different kinds of mesons.
The main focus of this section lies on the theoretical implementation of these fields into the eLSM. Therefore,
we define the main building blocks of the eLSM Lagrangian and show that these objects are related to the
quark/anti-quark quadratic forms of the previous section. In addition to that, we will use these objects to
construct all terms of the eL.SM.

4.2.2.1 The Basic Objects of the eLSM

In order to introduce the main building blocks of the eLSM, we will proceed in a similar manner as in the
discussion of Sec. [3.3]. To be particular, we start with the introduction of the basic objects of the eLSM
Lagrangian. Then, we will use these objects to construct the most general mesonic Lagrangian with global
chiral symmetry up to order four in the fields. Since this model should describe the dynamics of strong
interactions, it has to contain the basic properties of QCD. The main feature of QCD is given by its SU(3)¢
color gauge symmetry. This symmetry will be trivially fulfilled, since the fields that enter the Lagrangian
describe mesons which are colorless objects by definition. Therefore, the fields transform as singlets under
SU(3)c. As already introduced in Sec. [2.3.2], the quark part of the two-flavor QCD Lagrangian possesses
a global U(2), x U(2)g symmetry. We already showed that this symmetry is only exact, if the quarks are
considered as massless particles. In the "real” world, the different quark flavors are massive fermions, which
leads to an explicit breaking of the U(2); x U(2)r symmetry. Furthermore, we argued that, in addition to
the explicit breaking, chiral symmetry must be spontaneously broken down to its diagonal subgroup SU(2)y,
compare Sec. [2.3.2]. Finally, we mentioned that the U(1)4 symmetry of the classical QCD Lagrangian is
not present anymore at quantum level. This so-called U(1) 4 anomaly arose from non-perturbative quantum
effects due to instantons. In order to model the anomaly as well as the explicit symmetry breaking, we have
to introduce special term structures which are able to describe these properties. The spontaneous breakdown
of chiral symmetry will be obtained by a specific choice of a model parameter which realizes the potential
density in its Nambu-Goldstone configuration, compare Sec. [2.2.2]. Before we discuss those term structures
in detail, we have to introduce the basic building blocks of the eL.SM, i.e., the mathematical objects that
describe the different mesonic fields. To this end, we introduce the matrix

Dyi(x) = V20, ()W, () , (4.118)

where the Uy p(z) define the left- and right-handed quark and anti-quark fields. In the following, we want
to show that Eq. (4.118) contains the scalar and the pseudoscalar current (4.82), (4.94) of the previous
subsections. To this end, we first rewrite the above expression by using the left-handed projection operator

Biy(2) = VI (2)Pu P i) = VBT () 2240,

= Sij(x) +iPy;(x) (4.119)
where we defined the scalar and pseudoscalar matrices

Sii(a) = %@j(x)mi(x) o Py(a) = \%@j(x)mmi(x) . (4.120)

Since the above matrices as well as Eq. (4.118) are hermitian, we are able to expand them in the algebra of
U(2), so that
O(z) = Do (2)T* = [Sa(x) +iPs(x)] T . (4.121)
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In order to find explicit expressions for the coefficients of the above expansion, we use Eqs. (4.119), (4.120)
and multiply Eq. (4.121) from the right by 7°

[Sa() + iPa(@)] (T),; (T?),, = [Sij (@) + Py ()] (T?),
1

7 () (T°), ¥i(x) + 1—2@]»(3:)@75 (T%) Wi(=) (4.122)
Taking the trace of Eq. (4.122) finally yields the desired coefficients
S x) = V2U (x)T4W(x) , P(x) = V2U (x)ins T (z) (4.123)

which are obviously identical to Egs. (4.82) and (4.94). The transformation behavior of Eq. (4.118) with
respect to global U(2)r, x U(2)g transformations can easily be obtained from the transformation properties
of the left- and right-handed quark fields (2.149) and (2.150). We find

U@ xU (@)

®(x) & (z) = Up®(z)U}, . (4.124)

The transformation behavior of ®(z) with respect to SO™ (1, 3)- as well as to C' P-transformations can be ob-

tained in the same manner as in the previous subsections. For proper orthochronous Lorentz transformations,
we find

+ _
SO0 @ (a) = VU (A 2) ST (A)PLPLS(A) T (A )

=®,;(A '), (4.125)

®yj(x)

where we made use of [y#, 5], = 0. For the transformation properties with respect to the discrete symmetry
operations, we obtain
Dij(x) < Bly(2) = VRV (@) OPLPLOW(x)
= _\f‘I’t( )YPLPLY;(2)
= V2 [0 (2)PLPLY; ()]

where we used CC = —14x4 and the fact that the interchange of two fermionic fields causes an additional
change of sign. In the case of spatial reflections, we are left with

Oyt r) -5 D (t,1') = V20, (t, —1) P PLA Y, (¢, —1)
V20, (t, —r)PrPRrY;(t, —1)
= (@"),, (t,-x), (4.127)

where the last equality can easily be seen by using Eq. (4.119). As already mentioned in Secs. [4.2.1.1]
and [4.2.1.2], we want to identify the quark/anti-quark currents with fields which describe physical particles.
Then, using (4.121) and the discussion of the previous Subsections, Eq. (4.118) can also be written as
®(z) = [Sa(z) +iPa(x)] T
= [So(@) + iPo(2)] T° + [Si(x) + iPi(x)] T*
= [on(z) +inn (2)] T® + [agi(x) + imi(x)] T . (4.128)
Since the scalar and pseudoscalar fields are now implemented in the meson matrix ®(z), we have to find

similar objects which are able to describe the vector and axial-vector degrees of freedom. Similar to Eq.
(4.118), we define the left- and the right-handed vector currents

L (w) = V20, 1 (2)y" ¥ (x) | (4.129)
Rl () = V20, p(2)y" W g() - (4.130)
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In analogy to the discussion of ®(z), we want to relate the above currents to the vector- and axial-vector
quadratic forms of the previous Subsections, Egs. (4.102), (4.110). To this end, we begin with Eq. (4.129)
and use the left- and right-handed projection operators in order to find

() = V2T () Py PrWi(x) = VAT, (2)yh =05 ()

2
= Vi (x) — Al () , (4.131)
with )
VA (z) = —=T,(2)v* T, () , Al — U, 4.132
i () \/gy()v (z) i(@) = \f()vvs() (4.132)
Using the above definitions, the right-handed current can be written as
- _ Laxa +
Rlj(2) = VU (2)PLy" Prii(x) = V2T, ()" X0 (@)
= Vij(z) + A (x) . (4.133)

It is quite obvious, that Eqs. (4.129) and (4.130) are also hermitian matrices. Therefore, we are able to
write them in terms of U(2) generators

LM(x) = LE(2)T" = [VE(x) - AL@)] T°,  Ri(z) = RE@)T" = [VAa) + A@)]T° . (4.134)

The coefficients of these expansions can be obtained similarly to the previous case. In order to determine
the left-handed coefficient, we use Egs. (4.134) and (4.131) and multiply the complete equation from the
right by T°

V(@) — AL(@)] (T°),, (T%), = [Vii(x) — AL ()] (1%,

1. 1.
= | =0, (@)U (x) — —=T; (2)y v 0 () | (TP
NG (@) () NG S @) | (T°),
1 - ; 1 - ;
= —=0;(@)y" (T°), Wi(z) — —= 0 (x)y"ys (T°), Wi(z) . (4.135)
V2 2
The trace of the above equation finally yields
VHe(z) = V2U (2)y T (x) , AF(x) = V2 (2) ' ys T (z) (4.136)

But these are exactly the vector and axial-vector quadratic forms which we introduced in Secs. [4.2.1.3] and
[4.2.1.4]. At this point it is clear that we would have obtained the same results, if we had used the expansion
of the right-handed current instead of the left-handed one. The transformation behavior of the two currents
(4.129) and (4.130) follows immediately from those of the left- and right-handed quark fields

U(Q)L XU(Z)R

LH(x) LW (x) = U L*(x)U] (4.137)

U(Q)LXU 2)R RH’( ) URRM(I.)UIE . (4:.138)

RM(z)
Again, the transformation properties of these objects with respect to proper orthochronous Lorentz trans-
formations and CP-transformations can be obtained in a similar way as in Secs. [4.2.1.3] and [4.2.1.4].
Therefore, we only present the calculation for the transformation properties of ij (z) and simply quote the
final results for the right-handed current R (z). In the case of SO*(1,3), we obtain

LZ( ) SOt (1 3) LM/( /) — \/5\1,3(A_l.’L')S_l(A)/PR’YMPLS(A)\I/Z(A_l,CE)
= V20, (A" 2)PrSH (A S (AP, (A )
= A’;LZ”J(A L2y, (4.139)
and similarly
R () "5 R (2!) = M RY (A ) (4.140)

For charge-conjugation transformations, we find
Lty (@) S Lt (@) = VAW () CPry PLCOWi (2)
= \/i‘l’t(x)Pm“’tPL\Iﬁ( )

V2 [Ui(2)PLy" PR, ()]’
= —R(x) (4.141)



CHAPTER 4. CALCULATION OF THE LOW ENERGY CONSTANTS 92

and similarly
" C, pw _ w
Rl (z) — R} (x) = —Ljj(2) . (4.142)

And finally, under spatial reflections, the left- and right-handed currents transform as

LZ‘ (t,r) i ng’/(tvrl) = \/ﬁ\Ifj(t, fr)'yOPR'y“PLVO\IIi(t, —r)
= (=)W, (t, —r) Py PRV (t, —1)
= Ry.ij(t, —x) (4.143)
and
R (tx) 55 RY (8,1') = Ly i (1) | (4.144)

Similar to the scalar/pseudoscalar case, we want to relate the left- and right-handed currents with vector
and axial-vector fields which will describe the physical particles. Using the discussion of Secs. [4.2.1.3] and
[4.2.1.4] as well as Eqgs. (4.133) and (4.134), we identify

LH(z) = M(m) + fﬁN(x)} T + [ph(x) + o ()] T, (4.145)
Ri(2) = [wh (@) = fl (@) T+ [ (@) = ol ()] T (4.146)

Now?, with Egs. (4.118) and (4.129), (4.130), we have the basic building blocks for the eLSM. In the following
Subsections, we will use them to construct chirally invariant terms with a maximum of four fields in each
term.

4.2.2.2 Kinetic and Mass Terms

In this Subsection, we want to write down the kinetic and mass terms for all types of mesonic fields. In
addition to that, we also derive the explicit expressions of these terms, since we will need them in the
upcoming sections.

4.2.2.2.1 Kinetic Term of Scalar and Pseudoscalar Mesons

In order to define a kinetic part for the scalar and pseudoscalar degrees of freedom, one could use the simplest
possibility and use

Tr {[6#@(@]* a,;b(m)} (4.147)

as kinetic term. With Eq. (4.124), it can be immediately seen that this term is globally chiral invariant.
But, as already mentioned at the beginning of this section, it is well known that the scalar and pseudoscalar
mesons interact with the vector and axial-vector degrees of freedom. Therefore, it seems to be quite natural
to introduce a covariant derivative which directly couples the different types of mesons,

D,®(z) = 0,0(x) — ig1 [L*(z)®(z) — ®(z)R*(z)] , (4.148)

where the coupling constant ¢g; has dimension one. Another advantage of the above definition is given by
the fact that one can use this covariant derivative to construct a gauged linear sigma model. For details of
this approach, see Ref. [Parl]. Furthermore, it is possible to extend this covariant derivative in order to
include electromagnetic interactions. For details, compare Ref. [Par2]. This covariant derivative, of course
transforms in the same manner as the scalar/pseudoscalar matrix ®(z)

Dufb(a?) U(Q)Ii()J(2)R

[D,®(x)] =0, [ULCI)(x)UH gy {ULLH(x)UzUﬂ(x)U; — UL (2)ULUR® () R, (2) UL
=ULD,®(x)U}, . (4.149)
Now, with this covariant derivative, the simplest term is given by a straightforward extension of Ref. (4.147)

Tr {[D“(I)(x)]T D#<I>(x)} . (4.150)

From Eq. (4.148) it is clear that this expression not only involves the usual kinetic terms for the scalar and
pseudoscalar fields, but also contains derivative interactions of those fields with vector and axial-vector fields.
This can be shown by deriving the explicit expression of Eq. (4.150). To this end, it will be advantageous to

31In the above equation we used the convention of Ref. [Par2] in order to define the left- and right-handed fields.
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first write down the explicit expressions of the covariant derivatives. Since these expressions become quite
long, we suppress the space-time dependence of the different fields from now on. Using Eqs. (4.128), (4.145),
and (4.146) we find
DH(I) = 6# (O’N + i?]N) 70 + 8H ((1071‘ + iﬂ'i) T — 1g1 { [(wNM + le,u) 7° + (pm]’ —+ am,j) Tj]
X [(O’N + iT}N) TO + (aovk + iTTk) Tk] — [(O’N + iT]N) TO + (ao,j + i?Tj) Tj] [(Q}N# — le,,u) TO + (p#,k - almk) Tk] }
= (Ouon +i0,mn) T° + (8ua0,; + i0,m) T — igl{fu\w [((on +inn) T° + (ag,; + im;) T']
tari [(on +inn) T" + (ao,; + im;) 69 T°] +ippi (a0, +im;) Eijka} ; (4.151)

where we used Eqgs. (6.17), (6.18) and the antisymmetry of the Levi-Civita tensor. By simply taking the
hermitian conjugate of the above result, we obtain

[l)‘u@]Jf = (6“0N — i@"m\;) To + (8‘”@071‘ - ia“m) Ti + Zgl{f{j}v [(O'N - i?]N) TO + (aw — iﬂi) Tl]
+(llf7i [(O’N - Z"I]]V) TI + (aoﬁj - 7;71']‘) (VjTO} - Z'péL (ao’j - iﬁj) Eijka} . (4152)

In the following, we have to calculate the product of Eq. (4.151) with (4.152) and finally take the trace
of the resulting expression. Since this calculation is quite tedious and not very enlightening, we only want
to illustrate the calculational steps and quote the final result. First of all, it is clear that the product of
the above will result in terms that are either proportional to T°T°, to T°T7, or to T°T*. The latter terms
will vanish by taking the trace, since the trace of a Pauli matrix is equal to zero. Using the trace relations
of the U(2) generators, Egs. (6.17) - (6.20), the remaining terms can be ordered by using simple algebraic
operations, so that we are finally left with

Tr {[D”@(x)]T D,ﬂ)(m)}
= % {80n + g1 (finpnn + @1 - 7)Y + % {88 — g1 (finpon + @1y - Go))}°
+ % {0u@o + g1 (fin W T + A1y + P X 60)}2 + % {0uT — g1 (finplo + Q10N + T X ﬁu)}Q . (4.153)
4.2.2.2.2 Kinetic Term of Vector and Axial-Vector Mesons

In order to write down a kinetic term for the left- and right-handed currents, Eqgs. (4.129) and (4.130),
we have to define left- and right-handed field-strength tensors. In the case of global chiral symmetry, these
field-strength tensors are given by

L, (z) =0,L,(x) — 0, Lyu(x) , (4.154)
Ry (xz) = 0uR,(x) — O Ru(x) . (4.155)

In the case of local chiral symmetry, these field-strength tensors have to be extended by a third term which
is proportional to the commutator of two left- or right-handed fields, see Ref. [Parl]. On the other hand,
if a global chiral symmetry is sufficient, but we want study electromagnetic interactions, the field-strength
tensors have to be extended in a completely different way, compare Ref. [Par2]. The transformation behavior
of the above field strength tensors with respect to global chiral rotations follows immediately from that of
the left- and right-handed currents

Lu(z) TS0 o1 (@) = UL L (0)U] (4.156)
Ryu(@) TP R (@) = Un Ry (2)U}, - (4.157)

The kinetic term of the vector and axial-vector fields then has the usual form, i.e.,
1
- ZTT {L" (x)L, (x) + R (2) Ry ()} . (4.158)

In order to derive the explicit expression of the above kinetic term, it will be advantageous to first write
down the explicit expressions for the square of the left- and right-handed field-strength tensors. Using the
antisymmetry of the field-strength tensors as well as Eqgs. (4.145) and (4.146), we find

L L, = 2(9"LY) (B, Ly — Oy L)
=2 {(8#(,0]”\[ + ({ytflyN) (8MOJN7,, + 8;1,f1N,V) 779 — (a’iw]l(, + 8ﬂf{/N) (81,0.)1\[,” + 81,‘]01]\[7“) 7070

+ (8"pi” + 3”a’f7i) (8pr7j + 6Ma1u7i) TV — (6“p§’ + 8*‘@11’71-) (8Vplhj + &,alu,i) 9 + terms < TOTi} R
(4.159)
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where we again suppressed the space-time dependence of the fields. In addition to that, we neglected the
terms which are proportional to only one Pauli matrix since these terms vanish by taking the trace. For the
right-handed fields, we analogously obtain

R R, =2(0"R") (0uR, — O, R,)
=2{(0"wy — " fin) Quwn,y — Oufin,) TOT — (9wl — 0" fiy) (Buwnu — O fin,,) TOT°
+ (8“;)2’ - 8“&‘1’,7;) (Oppuv,j — Optivy) T'TI — (8"p;’ - 8”a’f7i) (Ovpu,; — Ovaip,i) T'T7 + terms TOTi} )
(4.160)
Inserting these results into Eq. (4.158) and using Eqgs. (6.17), (6.18), we obtain

1

1
_iTr {L“V(x)L,W(x) + R#V(x)Ruu(aj)} = T {(auWN,V - auwN,u)2 + (8uf1N,V - 81/J£11\7,u)2 + (@Aﬁu - auﬁu)Z

+ (Oudry — 3v51,u)2}

1 v 5 s S
- 4 {WKIVWN,W + ffoleV + 7 P + allw : al,;w} , (4.161)

where we defined the field-strength tensors of the particular fields in the last line.
4.2.2.2.3 Mass Term of Scalar and Pseudoscalar Mesons

After defining kinetic terms for both types of mesons, we now have to find mass terms for the scalar/pseudoscalar
and vector/axial-vector mesons. Later, it will be shown that the tree-level masses of all mesons will have
further contributions which arise from the spontaneous breakdown of chiral symmetry. The simplest term
which is allowed by all symmetry constraints is given by

—miTr {®T(z)0(2)} , (4.162)

where the mass parameter m? is of dimension [Energy®]. For the moment, we will not fix the sign of this
parameter. In the discussion of the next Section, we will see that a particular choice of the sign can be
used to model the spontaneous breakdown of global chiral symmetry. By calculating the expression (4.162)
explicitly, we find the usual mass terms for neutral scalar/pseudoscalar fields, i.e.,

—mgTr {(I)Tq)} = —mgTr { [(UN - i77N) TO + (a'O,i — i?Ti) Tl} [(O'N + iﬁN) TO + (ao,j + i?Tj) Tj] }

2
—%Tr{a]zv—knfv—kc_ig—kﬁz} . (4.163)
4.2.2.2.4 Mass Term of Vector and Axial-Vector Mesons

Similar to the previous paragraph, the simplest choice of a mass term for the vector/axial-vector mesons is
given by a trace which contains the square of both, the left- and the right-handed, field matrices. In contrast
to the scalar/pseudoscalar case, the mass term of a massive vector field needs another sign in order to lead
to the correct equations of motion. Therefore, the mass term for the vector particles is given by

2
m
T { Bl (L)L, (o) + R0} (4164
where the mass parameter m? is a positive real number of dimension [Energyz]. Opposite to the scalar/pseudoscalar
case, we have to require that this mass parameter is larger than zero, because a negative value will, in a

special case, lead to imaginary masses for the p- and the a;-meson. In the upcoming section we will come
back to this point.

For the moment, we return to Eq. (4.164). The reason why we incorporated the mass parameter in
this unusual way is that the above mass term will be extended in Sec. [4.2.2.6], when we introduce an
additional object under the trace, in order to model the explicit breaking of global chiral symmetry in the
vector /axial-vector sector. The explicit form of this mass term is given by

m2 m2 i .
T { Bl o (L2, 4 PR = T ([ 4 ) T+ (0 + ) T [ b ) T+ (s + a1, 7

2
+ [(Wh = M) T+ (o — af ) T'] [(wnp — Fivn) TO + (o — a1) T7] }

m2

= 71 {((“)N,#)z + (le,,u,)2 + (ﬁ#)2 + (617#)2} (4165)
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4.2.2.3 Scalar and Pseudoscalar Self-Interaction Terms

After defining the basic terms to obtain a free theory for all four types of mesons of the previous Subsection,
we now have to define interaction terms®. To this end, we start with interactions that only involve scalar
and pseudoscalar degrees of freedom.

4.2.2.3.1 First Self-Interaction Term of Scalar and Pseudoscalar Mesons

The first possible interaction term which only involves scalar and pseudoscalar fields is given by a straight-
forward extension of the mass term (4.162)

A (Tr {0l (@)®(2)})” (4.166)

where the coupling constant \; is a dimensionless parameter. This coupling also has to satisfy a special
constraint, in order to obtain a bounded potential. However, it will be more meaningful to fix this constraint
in the next section, since there are many more possible interaction terms which contribute to the potential
density of the eLSM. Using Eq. (4.163), we immediately obtain

A
“\ (Tr{ote})’ = - {o;*V k4 (@) + (B) + 205k + 20362 + 2057 + i + AR + 253%2}
(4.167)

as explicit expression for Eq. (4.166).

4.2.2.3.2 Second Self-Interaction Term of Scalar and Pseudoscalar Mesons

Another possible term structure which is consistent with all required symmetries can be obtained by first
taking the square of ®'® and then calculating the trace, i.e.,

- )\QTr{[@T(x)CD(x)]Z} : (4.168)

where Ao defines a positive coupling constant with energy dimension one. The explicit form of the above
interaction term is given by

2o Tr { [@10]*} = -XoTr {[(ow — inn) T° + (a0, — im) T'] [(on + inw) T° + (ao,; + imj) ']

x [(on —inn) T + (a0, — imk) Tk] [(on +inn) T° + (aoy + im) Tl} }

)\ a T = =, — —
= —§2 {0;1\] + 77;1\{ + (a%)Q + (71—2)2 + 20_]2\[7’]2\7 + 2UI2V7T2 + 277]2Va(2) 4 - 77)2
+ 60%a5 + i 7 + 6aG7° + 8oy (do - 7)} (4.169)

where we used Egs. (6.17)-(6.20) and the antisymmetry of the Levi-Civita tensor.

4.2.2.4 Vector and Axial-Vector Self-Interaction Terms

After introducing the self-interaction terms for the scalar and pseudoscalar degrees of freedom, we now turn
to interaction terms which only involve vector particles.

4.2.2.4.1 Derivatively Coupled Self-Interaction Term of Vector and Axial-Vector Mesons

In contrast to the scalar and pseudoscalar mesons, we now have the possibility to define interaction terms
which only involve three field variables. In the previous case, such a term was not possible since chiral
invariance always requires powers of ®'®. In the case of the left- and right-handed fields matrices (4.145),
(4.146) this situation changes, due to the definition of the left- and right-handed field-strength tensors (4.154),
(4.155). This fact then leads to derivatively coupled interaction terms which can be trivially seen from the
definition of the field-strength tensors. On the other hand, the emergence of derivatives in interaction terms
with only three vector fields is required by Lorentz symmetry. Now, the derivatively coupled vector/axial-
vector interation term is given by

i2 [ {7 @) [Lu@), Lo @)} + Te { B (@) [Ry (o), Ru(@)])_}] (4.170)

4This statement is actually not true, since the kinetic term (4.150) also contains interactions, due to the covariant derivative
(4.148).
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where go is a dimensionless coupling constant. In a moment it will be shown that the i-factor will be needed
to compensate an additional i-factor that arises from the trace relation (6.19). In order to calculate the
expression (4.170) explicitly, it will be useful to consider both traces separately. Using the antisymmetry of
the left-handed field-strength tensor we find

z'%?Tr {LW L, Ll,]_} = igyTr {(8*‘L") L. L,,]_}
= iga Tr{ [(0K, + 0 fip) T° + (99 + 0at ) T') { [+ fin) T+ (P + 010) T
X [(WN,V + le,l/) TO + (pu,k + alu,k) Tj] - [(WN,V + le,y) TO + (pu,j + aly,j) Tj]
X I:(WN,H + le,M) TO + (pu,k + alu,k) Tk] }}
= GAD D) - (B X P X Ty X iy + 1 X )
+ (0Hay) - (Py X P+ P X A1+ 81y X Py + a1y X drp)} (4.171)
where we used Eq. (6.19). In a similar way, we find
i { R (R R = T { (0" RY) [Ruy )
= ingf{ (0"l = 0" fin) T + (9" pF = 0"af ;) T'] { [ = fin) T° + (pug — a1,5) T7]
x [(wnyy = fine) T+ (o — 1) T7] = [(wnw — fin) TO+ (puy — arv,;) T
X [(WN,;L — finu) T + (Puk — @1pk) Tk] }}

92 = = o o - o - .
= ? (6#5”) : (PV X Pp— Pv X A1, — A1, X Py + 01, X al,u)
+ (0"a@7) - (=pu X P+ Po X @1+ @1 X P — A1 X @)} (4.172)

Combining the above results, we finally obtain

iZ [T {0 (@) [Lu(@), Lo @)]_ | + T { B (@) [Ry (@), R ()]} ]
= g2 {(0"5") - (B X fu+ 1 X 1) + (01GY) - (B X 1+ G1y X F0)} - (4.173)

4.2.2.4.2 Second Self-Interaction Term of Vector and Axial-Vector Mesons

Another chirally invariant structure can be obtained by combining four left- or right-handed field matri-
ces. This kind of interaction then involves four vector/axial-vector fields without derivatives. A possible
realization of such a term is given by

g5 [Tt {L¥(2)L* (2) L,,(2) L, ()} + Tr { R*(2) " (2) Ru(2) R, (2)}] (4.174)

with the dimensionless coupling constant gs. At this point it has to taken into account that the order of
the Lorentz indices is important, since the commutator of two left- or right-handed field matrices is different
from zero. Since the interaction terms of the following three paragraphs have similar structures like Eq.
(4.174), it will be useful to analyze the explicit expressions of those interactions term by term. Then, at the
end of this subsection, we collect all expressions and simplify them as much as possible. To this end, we
start with the first term in Eq. (4.174)

gsTr{LM LY Ly Ly} = g3 {[(wiy + fin) T° + (o + ) T'] [(wR + fin) T° + (o + af ) T')

X [(wnp+ Finvg) TO+ (ks + a16) T7) [(Wnw + finge) T + (oo + arny) T' )

g v (o | = o
= 2 { s+ fin) @n + i)’ + 40 + fliy) @+ Fiw) (Bt 1) - (B + @)

+ 2w+ fivg) (B +a@1)° + 20"+ @) - (67 + @) (B + @) - (B + 1)
— (B + @)’ (B + ﬁl,u)Q} ; (4.175)

where we again made use of the antisymmetry of the Levi-Civita tensor. The explicit expression for the
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second part of Eq. (4.174) is obtained by using the same techniques. We find

gsTe{R'R' R, Ry} = g3Tr {[(why — fin) T° + (0 — al;) T'] [(wi — fin) T° + (pf — a¥ ;) T7]
X [(wnp = Fing) T+ (P — a1) T7) [(Wnw = fine) T + (pug — arny) TH
g83 {(WN/L le,u)Q (W — le,u)2 +4 (WK/ - f{LN) (Wi = fin) (P — @) - (P — d1w)
+ 2 (W = fiv)” (B = @p)* + 27 = @) - (07 = @) (B — ) - (B — @)
— (B = 1) (B — @107} (4.176)

4.2.2.4.3 Third Self-Interaction Term of Vector and Axial-Vector Mesons

As already mentioned in the previous paragraph, the order of the left- and right-handed field matrices in Eq.
(4.174) can be interchanged in order to obtain an independent term structure which also fulfills all symmetry
constraints. Therefore, another possible four-vector/axial-vector interaction is given by

91 [Tt {L¥(2) L, (¢)L* (2) L, ()} + Tr {R*(2) R, (2) R¥ (2) R, (2))] - (4.177)

Again, the coupling constant g, has energy dimension one. The explicit expression of the left-handed part
can be calculated as

9aTe {L* L, LV Ly} = gaTr { [(Why + fin) T° + (o +ai ;) T'] [(wnv + fin) TO + (g + a1p5) T°]
< (Wi + fin) T + (o +af 1) T7] [(wnw + fivw) T° + (poa + 1) T'] }

g4 v v — — - -
8 {(WNH + fiw, u)2 (W + finw)? +4 (W + fin) (Wi + fin) (Pu + 1) - (Py + d1,)
+ 2 (@ + fing) B+ 810)” + (B + 1) (P + 107 (4.178)

The right-handed part yields

g Tr{R"R,R"R,} = g4 Tr { [(wﬁf, — T+ (pl — a’fz) Ti] [((,uN,M — fin) T + (Ppj — 1) Tj]
x [( K= )T+ (Pk - al,k) TJ] [(WN,V = fing) T+ (pug — a1v4) Tl]}

_ 9 v v = = = "
= 98 L g = T @ = Fiva + 4l = i) (= i) (= ) - (o — )
+ 2 (@ fiv) (B = 800)” + (7 = @)° (B — 810)°} (4.179)

4.2.2.4.4 Fourth Self-Interaction Term of Vector and Axial-Vector Mesons

Furthermore, it is possible to combine left- and right-handed field matrices in one interaction term. Since the
left-handed field matrices only transform with left-handed U(2) rotations, Eq. (4.137), and the right-handed
fields only transform with right-handed U(2) matrices, Eq. (4.138), the only way to combine them is given
by

gsTr {L"(z)L,(x)} Tr {R" ()R, ()} , (4.180)
with the dimensionless coupling constant gs. The explicit form of the above interaction term is then given
by
gsTr {L"L,} Tr{R"R,} = gsTr { [(wh + fIN) T + (' + ai' ;) T°) [(wnp + Fin) T° + (ppj + a1,,5) T7] }

x Tr { [(wir — fin) T + (Pz —ay z) T'] [(wNw = fin) TO + (puj — a15) T’}

_ U = - o
= 95 Lo+ i @ — s+ (Gt ) =

+ @+ fiv)? (B = @10)° + o = finw)’ (B + 1)} - (4.181)
4.2.2.4.5 Fifth Self-Interaction Term of Vector and Axial-Vector Mesons

The last possible interaction term which contains four vector/axial-vector fields can be contructed by com-
bining the techniques of the last two paragraphs. To be particular, we can construct terms which contain
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either four left- or right-handed fields, but instead of using one trace, we use the product of two invariant
traces. The resulting interaction term is then given by

9o [Tr {L¥(2) Ly ()} Tr {L¥ (x) Ly, (2) } + Tr { R (2) Ry, () } Tr {R” () R, (2)}] , (4.182)

where we introduced the dimensionless coupling parameter gs. The explicit form of this interaction term
immediately follows from Eq. (4.181), so that

ge [Tr{L*L,} Tr{L"L,} + Tr {R*R,} Tr {R" R, }]
9o

- Z {(WN,H + le,;L)Q (wN,IJ + le,u)Q + (WN,H - le,;,L)Q (UJN,I/ - le,V)Q + 2 (UJN,H + le,;L)Z (ﬁy + C_1:1,1/)2

+ 2w — fiv)? (B — d1,)°

(P ) (B @)+ (B — G0 (B = G10) ) (4.183)
4.2.2.4.6 Complete Interaction Part of Vector and Axial-Vector Mesons

For later purposes, we want to summarize the four vector/axial-vector interaction terms in a separate part
of the Lagrangian. This also results in a simplification of these terms, since all of these interaction terms
are of a similar form. Then, due to the explicit expressions (4.174), (4.177), (4.180), and (4.182), this term
can be written as

$93;94,95796
= (242 + 2 {va+ v @no + i) + @ = i) @rvo = finw)’ + 2 ng + fina)* (5, + @1,)°

+ 2(wn = fuva) (B — @)
93 94 I 1 v v = g = = M 1% v v = - — —
+ (5 + 3) {(WN + fin) W + fin) (P +a1u) - (Py +diw) + Wy — fin) (Wi — fin) (P — @1,p) - (Py — al’,,)}

g3 94 96\ [, o 2.5 , o N2 o = 2,45 o N2
+ (B L+ )G+ 0 (o + @) + (G = @1,)° (o — 007

8 8 4
g3 —) v >y = — - — —) — —u — — — —
+ 2+ @) (P + @) (Gt @) - (B ) + (7= @) (3 = @) (B — ) - (5, — @) |
+ % {(WN,H + le,u)2 (W — le,u)2 + (ﬁu + C_fl,u)Q (P — 51,u)2 + (wN,M + fl]\r,u)2 (P — (_1'17,,)2
+ (W — fin) (B + dl,u)Q} . (4.184)

4.2.2.5 Scalar/Pseudoscalar and Vector/Axial-Vector Interaction Terms

Finally, the last type of possible interactions is given by terms which contain ®(x) and ®f(z) as well as
the left- and right-handed matrices L*(z), R*(x). These terms can again be realized as a product of two
invariant traces or as a single trace. After introducing the three possible interaction terms, we want to
summarize them in a separate part of the Lagrangian.

4.2.2.5.1 First Mixed-Interaction Term of Scalar, Pseudoscalar, Vector, and Axial-Vector
Mesons

As already mentioned, one possibility to write down an invariant term which contains scalar and pseudoscalar
as well as vector and axial-vector degrees of freedom is given by the product of two invariant traces. Since
we are only interested in terms which contain four field matrices, there is only one possible term structure

@Tr{cpf J0(2)} Tr {LF (2) Lu(z) + R (2)Ru(2)} (4.185)

where we introduced the dimensionless coupling h;. Using Eqgs. (4.163) and (4.165), the explicit form of the
above interaction term can be written as

h Lo
S {efe} T {L L, +RER,) = = (0% ik @+ 7) [(wwa) + (v’ + (5 + (@1,
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4.2.2.5.2 Second Mixed-Interaction Term of Scalar, Pseudoscalar, Vector, and Axial-Vector
Mesons

Another possible structure is given by
Iz 2 m 2
hoTr § |LF (2)®(x)|” + |P(x)RF ()| ¢ (4.187)

where hs is a coupling parameter of energy dimension one. In order to find the explicit expression (4.187),
we rewrite the above interaction term according to

he T { L2 (@)@ (@) + [@(2) R (2)* } = haTr {[L(2)@(2)] L# (@) (@) + [@(2) R* (2)]' @(2) R (x)}
= hoTr {(b(x)(bT(x)L“(a:)Lu(x) + @T(x)ql(x)R“(x)Ru(x)} , (4.188)

where we used the cyclic property of the trace in the last line. Now, for the sake of simplicity, we consider
both terms in Eq. (4.188) separately. The explicit expression of the first term is then given by

hoTr {@®TLFL,} = hoTx {[(on + inn) T° + (a0, + im) T*) [(on — inn) T° + (ag,; — im;) T7]

x (@l + F) T+ (of + ) T [ + Fiva) T + (o + 020) T'] |

h . .
= @2 { |:(WN7M + le,u)2 + (P + al,u)ﬂ (UJ2V + 0% +ag + 772)
+4 (WN,M =+ f1N7H) (ﬁﬂ =+ 517M) . (O']\ﬂio + 77]\/7? + dp X 7?)} . (4189)

Similarly, we find
hoTr {®T®R'R,} = hoTr { [(on — inn) T° + (a0, — im;) T*) [(on + inn) T + (a0, + im;) T7]

x [y = ) 70+ (o = ) T] [ = Finan) T° + (ot — 01,0) T'] §

hy

2 — - 2 — —
= 2 {|@na = fiv)® + (B = @] (oh + ik + @ + )

A (wWnp — fing) (B — @) - (oo + N T + 7 a'o)} . (4.190)

4.2.2.5.3 Third Mixed-Interaction Term of Scalar, Pseudoscalar, Vector, and Axial-Vector
Mesons

Finally, the last invariant term structure which includes all mesonic degrees of freedom is given by
2hsTr {@(2)R*(2)®" (z)L,.(2)} | (4.191)

where hs defines a dimensionless coupling constant. The explicit form of the above term can be calculated
as

2h3Tr {OR*DTL, } = 2hsTr {[(on + inn) TO + (ao,i + im;) T'] [(why — fiy) TO + (o4 — alf ;) T7]
x [(UN - i77N) T° + (ao,r — imi) T*] [(Wn + finvg) T + (P + ar) T' }
P L [oma? = (iw® + ) = @] (0% + o + 8 +7%)
+ 4 (WP — finGiu) - (ondo + nT) + 4 (WG, — findu) - (@0 X 7)
+ 4 (onT — nndo) - (@ X ) +2 [(ao x iy ,)% + (7 x @) — (G x p)° — (7 x ,7#)2}}
(4.192)

where we made use of the well-known Lagrange identity

(a’xz?)-(axcf)z(a-a) (5-5)—(5-5) (a.dj . (4.193)
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4.2.2.5.4 Complete Mixed-Interaction Part of Scalar, Pseudoscalar, Vector, and Axial-Vector
Mesons

Again, for later purposes, it will be useful to summarize the three mixed-interaction terms of the previous
paragraphs. Using the results (4.186), (4.189), (4.190) and (4.192), we find

h h " o o -
ghl»h2ah3 - (41 * 42> {(012\’ + nlz\’ + a’g + 7T2) [(wN-#)z + (f1N7#)2 + (p#)z + (al’“)Q] }

+ (ha + hs) wiy [Py - (ondo + 77N7T) + - (o x T)] + (ha — hs) fiy (@1, - (onGo + ONT) + Pl - (G0 X 7)]

h
+ 2 {{@na)? = (v + (3)° = @)?] (0% + ke + @+ 72)
+ (o T — o) - (@ X ) +2 [(ao X 1) + (7 x 1) = (o x )" = (7 < 5)°) | -
(4.194)

4.2.2.6 Explicit Symmetry Breaking and Anomaly Terms

In the previous subsections, we introduced the basic terms of the eLSM. As already mentioned, these terms
describe the kinetics, contributions to the tree-level masses and the different types of interactions of all four
types of mesons, which are contained in the eLSM. In this section, we want to introduce another impor-
tant class of terms, which is very important for a realistic description of strong hadronic processes. To be
particular, the aim of this subsection is the introduction of different symmetry breaking terms. While the
spontaneous breakdown of chiral symmetry can easily be modeled by a particular choice of the mass param-
eter m2, the explicit breaking of this symmetry can only be modeled by introducing new term structures.
Furthermore, we have to introduce another term in order to describe the U(1) 4 anomaly.

4.2.2.6.1 Explicit Symmetry Breaking in the Scalar/Pseudoscalar Sector

The explicit breaking of SU(2); x SU(2)g influences the scalar/pseudoscalar as well as the vector/axial-
vector sector. Therefore, we introduce an explicit symmetry breaking term for each sector. In the case of
the scalar/pseudoscalar mesons, this term is of the form

Tr {H [®'(2) + ®(2)]} , (4.195)
where ) L
H = hyoT° = diag ( 1;0, 12V°> (4.196)

and hy o ~ m, = mg, so that this parameter has dimension [Energy]. By using Eq. (4.128) and its hermitian
conjugate, we recognize that this term in principle tilts the potential density into the oy-direction

Tr {H [‘I’T + (I)} } =Tr {H [(UN — 7;"7N) T + (a07i — iﬂ'i) T + (O’N + i??N) T° + (CLOJ + 7:71']') Tj}} = hN,OO'N R

(4.197)
where we made use of the fact that the trace of a Pauli matrix vanishes. In general, the definition of the
symmetry-breaking matrix could also be H = hy 7. But, as already indicated in Sec.[4.2.1.1], the o field
has the same quantum numbers as the vacuum. Therefore, the o-meson is allowed to acquire a nonvanishing
vacuum expectation value. The remaining indices, a =i = 1,2, 3, refer to the dp-field and allow to tilt the
potential also in the dy-direction. However, this field describes an isotriplet state which has isospin quantum
number I = 1. Therefore, these fields are not allowed to have a non-vanishing vacuum expectation value,
since the vacuum has isospin quantum number I = 0. These considerations suggest to set the parameters
hni,i=1,2,3 to zero, so that we are finally left with Eq. (4.196).

4.2.2.6.2 Explicit Symmetry Breaking in the Vector/Axial-Vector Sector

In order to model the explicit breaking of chiral symmetry in the vector and axial-vector sector, we introduce
the following symmetry breaking term

Tr {A[L¥(z)L,(x) + R (x) R, ()]} (4.198)

where the matrix A is given by
A= 2(5NT0 = diag (5]\], (51\[) s (4199)
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with 65 ~ m2 = m2. Thus, the physical dimension of this parameter is [Enerng]. Now, the symmetry

breaking term (4.198) is of a similar form as the mass term (4.164). Therefore, we are able to summarize
them into only one term which incorporates a mass contribution of the vector/axial-vector mesons as well
as the explicit symmetry breaking in this sector. The resulting term is given by

Tr { (”f + A> [L*(2) L, (x) + R“(x)Ru(x)]} . (4.200)

With a similar calculation as in Eq. (4.165), the explicit expression of this term can be written as

w{ (B ) e e b= (B o) [l + G+ (0 + @] - (4200

4.2.2.6.3 Modelling the U(1)4 Anomaly

Another form of a broken symmetry is given by a so-called anomaly. This term refers to a symmetry which
is present at the classical level of theory, but not at the quantum level. In the case of QCD, the classical
U(1) 4 symmetry does not survive quantization. As already mentioned in Sec. [2.3.2], this anomaly is due to
nonperturbative quantum effects which are associated with instantons. Since the eLSM has to describe the
dynamics of QCD, we also have to model this type of broken symmetry. As already shown in Ref. [tHoo],
the U(1)4 anomaly may be described by

¢ {det [®(2)] + det [@(2)]} , (4.202)

where the parameter ¢; has dimension [Energyﬂ. Reference [Par2] also introduces another term structure
that can be used to model the U(1) 4 anomaly. This work also discusses the implications and consequences
of both terms. In the present work, we only consider Eq. (4.202) as anomaly term. In order to derive the
explicit form of the above anomaly term, we use the fact that the i-th Pauli matrix can be written as

i __ 6i3 6il - Z(512
ol = (6i1+z'51’2 ) (4.203)

Then, the matrix form of (4.128) and its hermitian conjugate can easily be obtained

_ L (on(@) +aos(@) +i[nn(x) +m3(2)] a0 (2) +ma(w) —ilagz(x) —mi(z)]
(@) ( 1(2) = ma(w) +ilao (@) + m(@)] (@) — aoa(e) +i v (e) - m(x)]) (420
N(x) +ao3(x) —i[nn(x) + 73 xg] ag1(x) — ma(x) — [

ilag2(x) + m(x)]
i (m)]) . (4.205)

—~

tp) = = (
¢lle) =3 <ao,1<x>+m< ) +ilaoa(e) —m(a)] on(@) —aos() — iy (x) - m

Finally, we only have to calculate the determinants of the above matrices,
c1 {det [@1] + det [@]} = — ( —nx —dg+7) (4.206)

in order to obtain an explicit expression for the anomaly term. From Eq. (4.206), we recognize that this
term gives another contribution to the tree-level masses of the scalar and pseudoscalar mesons. In the next
section, we will see that this contribution has an important effect on the tree-level masses of the ny and 7
fields. To be particular, the different signs in front of those fields in Eq. (4.206) will shift their masses with
respect to each other. While the positive sign decreases the tree-level pion mass, the tree-level mass of the
n-meson increases due to the negative sign. Finally, we want to show that Eq. (4.202) indeed breaks the
U(1) 4 symmetry. To this end, we remember that the group parameters of the left- and right-handed U (2)
transformations are connected to those of the vector and axial-vector transformations
Aya — QA Qv+ QA

7 a o= YaT Ha 4.2
g, 9 OLR7 B ( 07)

Then, the left- and right-handed chiral rotations (2.148) may be rewritten as

U = exp{ av;EaAT} _ exp{ avo;FaAoTo} exp {_,av;FaAT} 7 (4.208)
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where we used that U(2) = SU(2) x U(1). Using Eq. (4.124), the transformation behavior of the anomaly
term with respect to U(2);, x U(2)g is given by

¢r {det [®7 ()] + det [@(2)]} "PZE R ¢} Ldet [01(2)] + det [/ ()]}
_ {det URqﬂ(a:)Uﬂ + det [Uch(x)UH}
= ¢ {det Ug] det [®7 ()] det [Uﬂ + det [Uy] det [®(z)] det [Uﬂ }

=c {det [eiiO‘A’OTOQT(x)] + det [eiO‘A’OT()(I)(x)} } , (4.209)

where we used that the left- and right-handed SU(2) transformations have a unit determinant. By identifying
the complex phases in Eq. (4.209) as U(1)4 transformations, we finally recognize that the anomaly term
breaks the U(1) 4 invariance of the theory.

4.2.2.7 The Full eLSM Lagrangian

At the end of this Section, we want to collect all terms of the previous Subsections in order to write down
the full mesonic Lagrangian of the eLSM. Omitting all space-time dependences and using the trace notation,
the full Lagrangian is given by

s = Tr{[D"0) D@} — mTx {070} — xy (Tr {@10})” — AoTx {[@70]"}

1 2
— JTr{L" Ly, + R R} + T { (”;1 + A) (LML, + R“Ru]} +Te {H [® + ®]}

+ ¢1 [det® + det®'] + 1'952 [Tr {LW L, L,,]_} Ty {R‘“’ (R, R,]_ H

+ %Tr {®T0) Tr {LFL, + R*R,,} + hy'Tr {|L“<I>|2 + |cI>R”|2} +2hsTr {ORFDTL, )
+ g3 [Tr {LFLYL,L,} + Tr {R*R*R,R,} + ga [Ty {L*L, L"L,} + Tr {R"R,R"R, }]
4 gsTr {LML,} Te {R"R,} + g6 [Tt {L"L,} Tr {L"L,} + Tr {R*R,} Tr {R"R,}] .  (4.210)

In the above form, the eLSM Lagrangian contains 13 parameters, which were already introduced in previous
subsections

gl>mg7m§> >\17 )\2a927937g47957967 h17 h27 hd . (4211)

In the case of three dynamical quark flavors, the number of parameters increases to 15, since the symmetry
breaking matrices H and A then contain an additional parameter which corresponds to the strange degree
of freedom. The numerical values of all parameters have been determined in Ref. [PKWGR] by considering
the decay processes of the scalar/pseudoscalar and vector/axial-vector degrees of freedom. The numerical
input which we will use for the calculations of upcoming Section can be found in Sec. [4.3.6]. An important
property of these parameter is given by their large-Ne behavior, because this scaling behavior allows us
to draw conclusions about the quark/anti-quark nature of the states which are included in the eLSM. The
large- N¢ scaling of the parameters (4.211) can be determined by using the fact that a vertex of n gg-mesons

scales as Né_%, compare Refs. [tHWC]. We obtain

1
hno ~ Né (4.212)
1
91,92 ~ N ? (4.214)
X2, ha, hs, g, 91,61 ~ NG ' (4.215)
)\lahlagfng NN52 . (4216)

For more details of the scaling of these parameters compare Ref. [Par2]. At the end of this section, we want
to quote the explicit expression of the mesonic eLSM Lagrangian (4.210). Combining all results of Secs.
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[4.2.2.2)-[4.2.2.6], we find

1 N . 1 . .
Lersm = 3 [0 + g1 (finpnn + @1 - 7)) + 3 [0,mn — 91 (finuon + @1y - do)]”

1 . L . . 1 N . . L
+3 0,0 + g1 (v, + @1 + Py X @0)]° + 3 0,7 — g1 (finulo + @1on + 7 X §,)]°

2 2
cp m , 1 m _, 1 v v R

2 2 2 2 4

Suv - m% 2 2 S \2 - 2 A A2 4 4

+ay - duw) + | 5 ON [(WN,H) + (fin)” + (Pu)” + (@) } -7 % [on + 1y
A 3\

@)+ () 20+ 203 4 2] + (<3 - 2 (a4 + )

A oL oL N e, .
- §2 [80N77Na0 - —4(do - W)Q} +hnoon + g2 [(a“P ) ) (Pu X Py + a1, X al,u)
+ (a“dﬂl/) ’ (ﬁV X C_il’ﬂ + 6171/ X ﬁu)] + ghl;h%h?: + $937g4795,96 ) (4'217)

where we used Eqgs. (4.184) and (4.194).

4.3 The Low-Energy Constants of the Extended Linear Sigma
Model

In the previous section, we briefly introduced the mesonic part of the eLSM Lagrangian. Now, we want
to investigate the low-energy regime of the model by calculating the LECs of the eLSM. To this end, we
want to introduce the basic ideas of our approach in the upcoming Sec. [4.3.1]. But before we are able to
calculate the LECs of the eLSM, we have to perform different preliminary manipulations of the Lagrangian
(4.210). To be particular, we first have to model the spontaneous breakdown of chiral symmetry. Then, as a
consequence of this operation, we will find that the resulting Lagrangian contains non-diagonal contributions
to the kinetic part of the n-meson and the pion, which can be removed by performing a suitable shift of the
axial-vector fields fin,, and @; ,. The details of this calculation will be in the focus of Sec. [4.3.2]. Then,
in Secs. [4.3.3]-[4.3.5], we want to consider different versions of the eLSM and calculate the respective LECs
as functions of the model parameters (4.211). Finally, in the last Sec. [4.3.6], we use the results of Secs.
[4.3.3]-[4.3.5] in order to obtain numerical values for the LECs of the eLSM.

4.3.1 The Basic Idea

As already mentioned in the introduction of this section, in this Subsection we introduce the basic idea
behind the approach which we use for the determination of the LECs. To this end, we have to remember
the discussion of Sec. [3.3.3] where we expanded the NLO chiral Lagrangian (3.218), (3.219) up to O(x®) in
pion fields. The resulting Lagrangian (3.234) includes all possible types of interaction terms which include
exactly four pions and up to four space-time derivatives. These interaction terms are coupled by five coupling
constants (3.236)-(3.239). The goal of our approach is now to bring the Lagrangian of the eLSM in the same
form as Eq. (3.234). From this Lagrangian, we are then able to obtain five constants C; crsum, @ = 1,...5,
that are in principle functions of the model parameters (4.211). Finally, we have to compare these constants
to those obtained from ChPT. This procedure will make a statement, how well - at tree-level - the low-energy
regime of QCD can be described by the eLSM.

In order to bring the eLSM Lagrangian into the desired form (3.234) we have to integrate all heavy fields
out of the theory. This aim can be reached by considering the transition amplitude (f, col|f, —oc0), where
f=A{ow~n,nn,d0, T, wN 1, fiN,u, Pu, @1, ) Using the techniques of Sec. [2.2.1], this transition amplitude can
be written as a functional integral with respect to all field variables. According to the discussion of Sec.
[4.1.2], we then solve the functional integrals in order to obtain a low-energy effective description of the
eLSM. In contrast to the simple toy model of Sec. [4.1], the Lagrangian of the eLSM contains a much more
complicated term structure, so that, in general, the various functional integrals are coupled and not in the
form of a Gaussian integral. At first sight, this does not allow an analytic approach to solve the functional
integrals. But the fact that we are only interested in interaction terms which contain exactly four pion fields
and not more than four space-time derivatives allows us to make three assumptions, which simplify the eLSM
Lagrangian remarkably. To be particular, we assume that neglecting all interaction terms that contain

(A1) less than two 7-fields,
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(A2) exactly three 7-fields, and
(A3) exactly two 7-fields and two fields which correspond to different resonances

does not influence the structure of the constants C; .rga at tree-level. It is clear that these assumptions
have to be supported by physical arguments.

The first assumption affects all interaction terms that either contain one or zero 7-fields. The latter terms,
of course, will not affect a four-pion interaction term, since they do not contain free pion legs. Therefore, we
are able to neglect them. Then, with Hy, Ho, H3 € {on, 1N, G0, WN,us 1IN, Pus @1, }, & term that contains
exactly one pion field can, in general, be written as Hy Ho H37. It is clear that the "heavy” fields H; have
to be chosen in a way that all symmetries are fulfilled and all indices are contracted. Then, we can consider
the case where all three heavy fields are identical. Neglecting such a term corresponds to a saddle-point
expansion around the minimum of the potential. On the other hand, this type of interaction term does
not contribute to four-pion interaction terms, so we are able to neglect it. Furthermore, we have the case
where two heavy fields are identical, i.e., a term of the form HyH,Hs7%. Then, depending on the masses
of H; and Hj, we have to consider two scenarios. In the first scenario, we assume that the mass of H; is
larger than the mass of Hs. In this case, we first have to integrate H; out of the Lagrangian. It is obvious
that the HiH,Hs7 term itself cannot contribute to a four-pion interaction, so that we have to combine
two of these terms by connecting the H; legs in order to obtain a process which is of higher order in the
respective coupling constant. This term obviously corresponds to a one-loop contribution of Hsm-scattering.
If we now integrate H; out of the theory, the two H; propagators shrink together, so that the resulting
interaction vertex then corresponds to contact interaction term. It is clear that the contribution of such a
term is strongly suppressed, since each frozen propagator is proportional to the inverse square of the heavy
particle mass. Nevertheless, if we then combine two of these interaction terms, we finally obtain a one-loop
contribution to four-pion interactions. This situation is also illustrated at the level of Feynman diagrams in

Figs. [4.7] and [4.8].
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Figure 4.7: 1In the first step, we have two four-point interaction vertices of the type HjHiH3®. Here, the double lines
correspond to Hjp, the ordinary line corresponds to Hs, and the dashed line describes the 7-field. In the second step, we
combine both diagrams to a one-loop correction to Hsw-scattering. Finally, if we integrate out Hj, the loop freezes to a new

vertex for the Hgzm-scattering.
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Figure 4.8: Two Hsm-scattering vertices can be combined to a one-loop contribution to 7r-scattering.

In the second case, we assume Hj to be the heavier resonance. When we integrate this field out of the
theory, the resulting contact interaction vertex contains four Hi-fields and two 7-fields. Then, combining
two of those vertices gives rise to higher-order loop contributions to four-pion interactions.

In addition to that, we have to consider the case where all heavy fields correspond to different resonances.
Again, we first have to integrate the heaviest resonance out of the theory. To this end, we declare the fol-
lowing mass ordering mg, > myg, > my,. Similar to the previous case, only one H; HoH37 term does not
contribute to four-pion interactions, so that we have to consider processes of higher order in the coupling
constant. If we then connect two of those vertices via the two Hilegs and integrate H; out of the Lagrangian,
the H; propagator will shrink. The resulting vertex will be given by a contact interaction of two Hs, two Hs,
and two m-fields. Even without integrating the remaining heavy degrees of freedom out of the theory, it is
clear that this type of interaction will not have a tree-level contribution to four-pion interactions. Therefore,
the first assumption seems to be verified.
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Now, we consider the second assumption (A2) that effects all terms with exactly three 7-fields and an
arbitrary heavy field, i.e., Hi @77 terms. Integrating the Hi-field out of the theory will result in a 67 contact
interaction term which does not contribute to tree-level four-pion interactions. This situation is depicted in

Fig. [4.9].
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Figure 4.9: Hy Hy H37-interaction terms will lead to a tree-level 6-point function.

Finally, we have to discuss the third assumption (A3). This assumption affects all terms that are of the
following form HiH,7w, with Hy # Hs. Again, it is clear, that these terms have to fulfill all symmetry
constraints. Furthermore, we assume that H; corresponds to the heavier resonance, so that this field has to
be integrated out of the theory first. Similar to the previous cases, we have to consider a process which is
at least quadratic in the respective coupling constant. To be particular, we consider the process that can
be obtained by combining two Hj Ho77 diagrams by closing the respective H; lines. If we now eliminate
the Hi-field from the theory, the H; propagrator freezes, so that we obtain a contact interaction term of six
fields, which also does not contribute to tree-level four-pion interactions. This situation is illustrated in Fig.
[4.10].
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Figure 4.10: The third assumption eliminates one-loop contributions to the 8-point function of the pion.

Obviously, the three assumptions do not influence the four-pion interaction terms which we are interested
in. In the upcoming sections, we will see that these assumptions simplify the Lagrangian of the eLSM in a
way, so that all functional integrals of the heavy fields decouple from each other. Furthermore, all of these
integrals will be of a Gaussian type, which permits an analytic solution of them. But before we are in the
position to apply the simplifications (A1)-(A3), we have to perform some preliminary manipulations of the
Lagrangian, which are due to the spontaneous breakdown of chiral symmetry. These manipulations will
recast the Lagrangian (4.217) in a completely different form and allow new interaction terms.

4.3.2 Prerequisites

After introducing the basic ideas of our approach in the previous subsection, we now turn back to Eq.
(4.217). As already mentioned in the discussion of the various terms of eLSM, we are able to model the
spontaneous breakdown of chiral symmetry by choosing the sign of the mass parameter mZ. But this is
nothing new, since in principle we did the same in the discussion of Secs. [2.2.2] and [2.2.3]. There, we
choose the mass parameter m? in a way that the potential density of the toy models was transformed to its
Nambu-Goldstone realization. This means that the potential densities are in a configuration, which allows
them to have degenerate vacuum states. In the case of the eLSM, we want to proceed in the same manner.
The only difference to these simple toy models arises from the much more complicated term structure of the
eLLSM which will lead to non-diagonal contributions to the kinetic terms of the ny- and the 7-fields. But
before we are able to see this, we have to reorder the terms of the eLSM Lagrangian. By calculating the
squares of the kinetic parts of Eq. (4.217), the Lagrangian can be recast into the form

ogfﬂeLSM = oipk'in. + -’S/ﬂdem'v. -7 (4218)
In this notation, the first term only contains the canonically normalized kinetic terms of all resonances which
are present in the eLSM

1 - — ]- v v [ Z SUY =
Lrin. = 5 [(a#JN)Z + (5u771v)2 + (auaO)2 + (&m)ﬂ 1 (WJI(T WN T N FiN o + P P + @ al,w) .

2
(4.219)
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The second and third term of Eq. (4.218) then contain the tree-level mass contributions of all fields and the
different types of interactions. For later convenience, we collected all derivatively coupled interaction terms
in jderiv.

Lieriv. = 91 (0"on) (finunn + a1, - T) — g1 (0"nn) (fin,uon + A1,y - do)
+ g1 (0"do) - (fin,uT + @1 uN + Pu X do) — g1 (O'7T) - (fin,ulo + Q10N + T X P))
+92[(0"0") - (P X P+ A1 X d1,y) + (O"GY) - (P X @1 + @1 X Pp)] - (4.220)

Then, the ”potential density” ¥ is given by

2 2 2
Y= (5-5) @) - (55 G v ) - (G o) [owa + i) + (0 + @]

2 2 2

B %1 (fivpf + @1y + i X do)” — %1 (finubo + @1 uon + 7 X f)° — %1 (fivpnn + @1y )
2 L A A N2 o2 . ~
= D (g e @ - (<5 =) [k ok @)+ () 20k + 2057 + 2
A 3A » _, o A Lo - o
— (—21 — 42> (J?Vag + 7712\[772 + a%w2) + §2 [80N77Na0 - —4(dp - 71)2} — hNo0ON
- ghl,hz,hS - 593,94795795 . (4.221)

Now, in order to realize the above potential density in its Nambu-Goldstone mode, we choose the mass
parameter m3 to be negative, i.e.,

mg — —mg , (4.222)

with m2 > 0. With this choice, only two terms of the potential density change

2 2
1/:_(021+”2L°) (U§V+ﬁ2)—(—021+”;°> (% +a2) —... (4.223)

where the ”...” stand for all other terms of the potential density, that remain unchanged under the replace-
ment (4.222). At this point, it will be useful to remember the discussion of the first scalar/pseudoscalar
meson self-interaction term Sec. [4.2.2.3.1]. In this paragraph, we mentioned that the coupling constant A
has to fulfill a constraint in order to obtain a bounded potential density. When we now look at Eq. (4.221),
this constraint can easily be read off,

b2

A
AL > ,?2 . (4.224)

Without the above requirement, the last term of the third line of Eq. (4.221) would be allowed to have
a positive sign, so that the quartic powers of scalar/pseudoscalar fields would lead to a potential density
that is not bounded from below. With the choice (4.222), the potential density now has the usual ”mexican
hat”-like shape. But due to the explicit symmetry breaking term (4.197), this "mexican hat” is tilted in
on-direction. Therefore, we only have to consider the first derivative of " with respect to oy, in order to
find the minimum of the potential. This minimum then satisfies the following condition

oY
0= —
ON |5y =p . f=0
A
= _ (m% + 81) oN + ()\1 + 22) ¢5§’V —hnpo , (4.225)

where we defined the vacuum expectation value of the oy-field as ¢y = (Qon|Q) and f represents the
remaining fields. Of course, it would be possible to solve this cubic equation in order to obtain a solution
for ¢, but it will be shown in a moment that the above condition will be of greater importance.

The vacuum expectation value now represents the ground state of our physical system. At this point, we
could start to quantize the theory around this new ground state. The first excited states would, of course,
be left and the right of ¢ inside the "brim” of the mexican hat. But, according to the discussions of Secs.
[2.2.2] and [2.2.3], the usual approach takes place at a classical level. To this end, we decompose the o y-field
into two parts

ON — ¢N +ON . (4.226)

The first contribution is obviously given by the vacuum expectation values itself. This can be seen as the
lowest order of an expansion of the initial oy-field around the minimum of the potential density. The
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second contribution is a bit confusing at first sight, since we also labeled it as o. This second contribution
describes a fluctuation field which parametrizes the excitations around the ground state. Therefore, this
field incorporates higher orders of this expansion of the initial oy-field. In the following, we have to insert
the decomposition (4.226) into Eq. (4.218). For the sake of clarity, we want to study in detail the changes
of the Lagrangian, that are introduced by Eq. (4.226). As mentioned before, we are able to solve the above
cubic equation for ¢n. But already from Eq. (4.225), we observe that the solution of this equation will be
a function of the model parameters m3, c1, A1, A2, and hy o. It directly follows that the vacuum expectation
value ¢ is a constant with respect to space-time, so that the kinetic term in Eq. (4.218) does not change
under Eq. (4.226)

o o 1 — — 1 v v
Fiin, "N T Ll = {100 (0 + o) + (Bunn)® + (Budo)’ + (D7) | — 3 {wh g + FUK i
+ﬁ”u N ﬁpy + 611“/ ° C_7:1,#1/}
= Din. - (4.227)

An important change takes place in Zjye iy, , since

Laeriv. " BN L i = 01 10" (b + 0w (rvganiy + 1 ®) — g1 (0908) (Fiv (S5 + 0n) + @y - o)
+ g1 (0"do) - [finuT + Q1N + P X do) — g1 (O"'T) - [fin,pulo + 1, (PN + ON)
+7 X ﬁu] + 92 [(aug’) : (ﬁu X ﬁu + C_il,u X C_il,u) + (8“59 . (ﬁu X C_ilw + C_il,u X ﬁu)]

= Lijeriv. — N1ON (0"1N) finu — 910N (O'T) - dy 0 - (4.228)

Obviously, the two additional terms in the transformation of -Zye,s,. induce a mixing of the ny- and fiy .-
fields and of the 7- and @, ,-fields. This mixing introduces non-diagonal contributions to the kinetic parts
of the nn- and 7-fields, which will result in non-diagonal scattering matrix elements. In a moment, it will
be shown, that we are able to eliminate these terms from the Lagrangian by introducing an appropriate
redefinition of the fiy,,- and @, ,-fields. But before that we have to study the impacts of Eq. (4.226) on
the potential density ¥. We find

o oON—¢N+ON 5!

c m2 . c m2 . m?
== (F-5) [ev+on) + 7] = (-5 - 52 ) R+ @) — (5 +on ) [wna)® + (v’
2 2 2 2 2
2 2 92 2 92
+(Pu)” + (@1,) } - 51 (finuT + d1unn + P X o)™ — 51 [finuGo + @1 (PN +oN) + T X P

g3 ~ L2 9 - _ 2 Al A
- 5 (le,unN + a1, '7T) - 5 [le,u (¢N + UN) + a1, - ao] -

2

+ (53)2 + (7?2)2 +2(dn +on)’ 0 +2 (b +on) 7+ 27;%53} — (— — ) [(¢>N +on) a

L2 2o A . L
%t 4 ang] + §2 {8 (pn +on)nndo - T — 4 (do 'W)Q} —hno (N +onN)
_gfihhmhs -,

93,94,95,96

where

b h
Ly o = <41 + 42> {[@n +on) 40k + @+ 7] [(w) + vl + (7) + @)}

+ (he + h3)w7v{ﬁu (N +on) do + NT] + a1,y - (Ao ¥ 7_7')} + (ha — h3) ffN{Eil,u (N +on) do + nNT]
h
- o x 7)o+ 2 { [(wwan) = (Fuva)® + (3)° = (@,0°] [0 +on)” + 1 +@ + 7]

+4[(6n +on) 7 = o] - (@ X 5a) +2 [(@o X d1,)* + (7 x d1)” = (o x 5.)° = (7 x 7)) }
(4.230)

and
"g/ = "%93794795;96 ’ (4.231)

93,94,95,96

which directly follows from the fact that Eq. (4.184) only contains interaction terms that involve four
vector /axial-vector mesons. Obviously, the shift (4.226) introduces new three-point interactions as well as
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new contributions to the tree-level masses of the scalar/pseudoscalar and vector/axial-vector mesons. If we
simplify Eqgs. (4.229) and (4.230), we obtain

2 A m3 1 A c m3 1 3A
pr— |9 _ o A 2 A _Mo 2y 1 22) 422 S0 2y, 282 62 | 72
[ 5 2+2 1t 5 Px | on + 5 5 TalMt g )onvt |5 -5 Mt ) oN| o

[ ¢ mé2 1 . m?
+ _1_O+()\1+22) ¢?V:| 72— |: 21+5N+ (h1+h2+h3)¢N:| (WN,N)Q

2
- +6N+le(h1+h2_h3)¢?v+g21¢?\l:| (le,u)Q—{Q +on + (h1+h2+h3)¢zv}(u)2

2 2

1 2 . . . L
—|—= +on + 1 (hy + ho — h3) ¢ + 921¢?v] (al,p)Q — % (finunn + a1y - 77)2 — % (finuT + 1N

2 2
- 5 2 9 N L\2 9 o 5 S 482 o o
+pp X do)” — *21 (AN uON + a1y - o) — *21 (finplo + onGr + 7 X §u)” — GON TN (finuon + @1, - o)

~ ~ " S - 1 A N2 | (=
- 9%¢Na1,u (le,uao +ona1, + 7 X pu) + 1 <)\1 + ;) [0?\7 + 4¢NU?V + 77?\[ + (ag) + (7r2) + 20N77N
2 2 =2 -2 2 -2 1 3A2 2 -2 52
+4¢NO'N77N + 20’N7T +4onyoNTT + 277Na0] + 5 A1+ 7 [O'Nao + 2¢N0Na0 + 77N7T + dgm ]
A2 . Lo N2 1 2 2, 2, =2 2 2
+ 3 S8onnndo - T + 8¢pnnnay - T — 4 (do - T)° | — 1 (h1 + h2) 3 (0% + 0 + a5 + ) [(wn )™ + (fiv)

+ (5u)* + (51,u)2” - % (h1 4 h2) ¢noN [(WN,M)Q + (finv)® + (7)° + (@1) } (ha + hg) Wy {q (ondo

. N N . . . . . N . hs
+ nNT + ¢Nao) + a1, - (do X W)} — (ha — h3) fi'y {al,u “(onGo + NT + Gndo) + Py - (o X 7T) } - — [(WN,M)2

. - I h . -
— (fiv)® + (5) = (@1,)°] (0% +mke + @ +7) = Tonon @) = (fiva)’ + (5)° - <a1,u>2}
. . . . h3 T L o 2 o o N2 N2 o N2
— h3 (oNT — nndo + dNT) - (@4 X py) — 5 (Ao x d1,p)" + (T X a1,,)" — (Ao X pu)” — (T X Pu)" | — Los.94,95.96 -
(4.232)

At this point, one might ask two questions: (i) What happened to the terms which are linear in o and (ii)
what happened to the constant contributions which appear due to the shift (4.226) ? The first question can
easily be answered, by considering the explicit form of these terms

{— (m§ + 1) o + (M + AQ) S — hNo} . (4.233)

If we now compare the coefficient of the oy-field in Eq. (4.233) with the condition that has to be fulfilled by
the vacuum expectation value ¢, Eq. (4.225), we observe that both expressions are equivalent. Therefore,
the linear contributions of the oy-field vanish. Also the second question has an easy answer. The constant
terms of the ”shifted” potential density are given by

V(on) = (621 ) P + (M + A;) N — hnodN - (4.234)

The term ”¥ (¢n)” makes sense, since the constant terms exactly correspond to the case where we evaluate
the potential density at o = ¢ with all other fields set to zero, i.e., this contribution is equal to the poten-
tial, evaluated at its minimum. But, as already mentioned, these contributions are constant and therefore
do not affect the equations of motion. The only consequence of this constant term would be a shift of the
zero of the energy scale, so that we are able to neglect the contributions (4.234).

Another important aspect of Eq. (4.232) concerns the tree-level masses of the mesons. At this point, one
might think that the squares of the tree-level masses are, up to a constant factor, given by the square brackets
in the first four lines of Eq. (4.232). But, as we will see in a moment, this is not the case, since the tree-level
masses of two fields will pick up another constant factor. This factor will arise from the manipulations
that are needed to remove the mixing terms (4.228) from the Lagrangian. Using Eqs. (4.227), (4.228), and
(4.232), the complete Lagrangian of the eLSM is given by

Lersm = Liin. + Lieriv. — (10N (O'NN) fin e — 919N (O*T) - a1,y — V'
= Lhin. + Laeriv. — 10N (0"1N) finu — 919N (O'F) - FLLM -, (4.235)



CHAPTER 4. CALCULATION OF THE LOW ENERGY CONSTANTS 109

where we renamed ¥’ — ¥, since Eq. (4.232) describes the new potential density of the eLSM, that is
obtained by considering the fluctuations around the minimum of the initial potential density (4.221).

Before we proceed, it will be useful to summarize briefly, what we have done so far: In Eq. (4.218), we
started with the explicit form of the eLSM Lagrangian, which we derived in the previous section. Due to
the explicit symmetry breaking term (4.195), the potential density ¥ corresponds to a "mexican hat”-like
potential that is tilted in the direction of o in field space. Since the oy-field has the same quantum numbers
as the vacuum, it is allowed to acquire a non-vanishing vacuum expectation value. This vacuum expectation
value is clearly given by the minimum of the potential and was determined in Eq. (4.225). Then, we studied
the fluctuations around this minimum by expanding the initial oy-field around the vacuum expectation
value, compare Eq. (4.226). At this point, it is important to understand that the spontaneous breakdown
of chiral symmetry only occurs, since the vacuum expectation value ¢y is different from zero. Otherwise,
the fluctuation field oy in Eq. (4.226) would exactly correspond to the initial oy-field. In this case, the
Lagrangian would stay chirally symmetric. As already mentioned in the discussion of Eq. (2.88), the initial
symmetry is not really broken, but hidden. In fact, the eLSM is still symmetric with respect to chiral
transformations, but, in general, in a nonlinear realization of the symmetry, which arises from fluctuation
field on. The occurrence of this field then introduced new interaction vertices which are proportional to
¢n. In addition to these interaction vertices, the decomposition (4.226) also introduced two mixing terms,
see Eq. (4.235). In the following, we want to eliminate these mixing terms. To this end, it will be useful to
reorder the terms of the Lagrangian (4.235) in a different way. If we arrange all terms with respect to their
coupling constants, the Lagrangian (4.235) can be written as

geLSM = gkin. + gmass,gl,gg + g)\l,)\z + ghl,hz,hg, + ggg,géhggﬂgﬁ 5 (4236)

where the second part Znass,g,,9, also contains the tree-level mass contributions of Eq. (4.232). For the
sake of clarity, we want to quote the explicit expressions of these terms. Since the kinetic part %;,. and the
four vector/axial-vector meson interaction part 2y, 4, s, are given by Eqgs. (4.219) and (4.184), the other
three terms have to be defined again. The second part Zqss.¢1,9. 15 given by

-j/ﬂmass,gl,gg = g’mass + ggl,gz s (4237)
with
1 A 1
fmasszfi |:Clmg+3<)\1+22> ?V:| 012\7*5 |:Cl <)\1+ >¢N:|
17 3\ 1
"3 “‘mg*(“f)%] % g [er - (g W
1 1
+ 5 m1 + 20N + = (hl + ha + h3) ¢ ] (W) + 5 [ml + 20N + = (hl + hy — h3) ¢ + g%¢?\,} (finvp)”
1 1 .
+3 m1 + 20§ + = (h1 + hy + h3) ¢% ] (7% + 3 [ml + 205 + = (h1 + hy — h3) ¢4 + gqu?V] (@1,.)°
(4.238)
and

Lg1.90 = —010n [(0"0N) fiv + (OF) - d1 ] + g1 (0% 0on) (fivpnn + @1y - T) — g1 (0"0n) (fiv,uoN + @1y - Go)
2
+ 91 (0"do) - (finuT + Q1N + P X do) — g1 (0MT) - (fin,plo + A1,u0N + T X ) + %1 (finpunn + a1y - 7)?
I 2 o 2 9i 2

+ 5 (fin T+ Q1 unn + pu X do)” + 5 (finpuon + a1, - do)” + 5 (finpudo +onGi, + T X p)

+ GION [y (finpon + @1y - @) + g1 NGy - (finpdo + ONT1u + T X F,)

g2 1007 - (B X P @ X 1) + (DY) - (P X e+ 1 )] (4.239)
The third term in Eq. (4.236) only contains the interactions of the scalar and pseudoscalar mesons among
themselves. This term is given by

1 A 9\ 2 . - ~
Lo =—7 (A1 + 22) |o& + donok + ik + (@8)" + (72)° + 208 + donony + 2057 + donon i + 2kl

1 3 o A oL S S o
) <)‘1 + 22> (0% + 20noNdy + n} 7T + dgR’] — §2 [SUNWNGO -+ 8pnnndo - T — 4 (do 'W)2] .
(4.240

=
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Finally, the fourth term is defined as

Fritos = 3+ 1) { (0% + 03 + @+ 7) [ + (i) + () + ()] )

(h1 + h2) dnoN {(WN,;L)Q + (f1N,u)2 + (ﬁu)z + (51,,1)2} + (ha + h3) wh; |:ﬁ}t ~(ondo +NT + ¢Nndo)
1 (Ao % ﬁ)] + (ha — h3) fiy [am (oNndo +NNT + dNTo) + Py - (G0 X ﬁ)}

+0 {(WN#L)? — (fiv)” + (5)° - (dl,/L)Z] (0% +nx + a5 +7°) + %WUN [(WN,;L)Q — (finp)’

5 5 S . I . har,. oo I,
+ () - (al,u)Q] + hy (onT — ndo + ONT) - (@ X Fu) + — [(ao X G)° + (7 x @) — (o % f)”

2
~ (" x ﬁ#)z} . (4.241)

Now, in order to eliminate the mixing terms in Eq. (4.239), it is clear that we only have to consider the
mass terms (4.238) in Eq. (4.237), since these terms are the only ones that also contain only two fields. It
is therefore quite intuitive to introduce the following shifts of the fin ,- and @ ,-fields

fingy — fing = fing +wpy Ounn (4.242)
A1y — @y, = G+ wg, 0T (4.243)

where the parameters wy, , and wg, will be determined in a moment. As a consequence of the above shifts,
the initial mass terms of the fiy,,- and d; ,-fields will generate similar mixing terms as in Eq. (4.239). The
basic idea is now to adjust the new parameters w;, i = fin,d1, in a way that all mixing terms cancel out
of the Lagrangian. In order to see this, we have to insert the shifts (4.242) and (4.243) into all parts of the
Lagrangian (4.236) and study their consequences. Using the Schwarz theorem and the antisymmetry of the
field-strength tensors, it is easy to see that the kinetic part (4.219) remains invariant with respect to Eqgs.
(4.242), (4.243)

fiNp——fiN ptwp Ny OunN
@y, —— a1, +wg, Ou
—

/

1 - — ]‘ v v —
=z {(aﬂm)2 + (0unn)? + (8,0)% + (aﬂw)“‘} - f{wf(, N+ Y P

2 4
+ [0 (i + wpn @ ) = 0 (Fiy + w5013 )| [0 (Fiv + wpn By )
= 00 (fun + g O ) |+ [0(@ -+ wa, 07) — 0 (@ + 0,07
[0 (@10 + wa,0,7) = 0, (@1 + wi, 0,7) |}
= Liin. - (4.244)
Then, the second contribution to Eq. (4.236) can be written as

AN = 1IN utw ) N OunnN,

@y, ——dy,twg, O 2
ima5&91792 mass,gi,g2
E/p/ E/p/
- mass + 91,92

= Zmass + oiﬂ;i g T |:m1 + 208 + 5 (hl +ha — h3) Qﬁ\l + g%¢?\f:| Wein — ngbN}

x (0"nN) fin,, + { [ml + 20N + = (hl + hay — h3) ¢3 + 91¢)N] Wg, — 91¢N}

1
x (o7 5 [m1 + 20N + < (h1 + ha — h3) ¢% + Q%ﬁv] wj%m - 291¢waw}
X (8#77N)2 + - 9 { |:m1 + 2(5]\] + = (hl + hz hg) ¢N + 91¢N:| 291¢Nwa1}
x (8,7)° (4.245)

where Z,qss i given by Eq. (4.238). This mass term is, of course, not invariant with respect to the field
redefinitions (4.242) and (4.243). However, it is possible, to collect the additional contributions to the initial
mass term in a different way. To be particular, the four additional terms are contained in the last four terms
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of Eq. (4.245). In the case of %, 4, such a procedure is not possible, since the shifts of the axial-vector
fields affect all terms of this part of the Lagrangian. In addition to that, we had to pull both contributions
of the shifted mixing terms out of ., 4, and introduce ., ., which is given by

L) =01 (0"oN) Kle’” + wlealmN)nN + (c’il,u + w,;laufr') -7?} — g1 (0"nN) [(le# + wleaﬂnN)oN

+ (@1, + wa, aﬁ) . ao} + g1 (9"d,) - [( Fin + wleawN)ﬁ 4 (aw n wﬁlaﬁ)nN +F % ao}
2

— g1 (0"7) - [(le,u + wfmaumv)@'o + (071,u + walaﬁ) ON + T X ﬁu] + % {(le,u + wfma/mN)nN

gt

2 2
+ (a1, +walaﬁ) '7?} +5 {(le,u +wf1N3u77N)7'f+ (51,u +walau7?)771v + P X 50}

2

2
+4 {(le,u + wfmaunN)UN + (CHM + walaﬁ) : 50} + %1 {(le,u + wfmaumv)@'o

2
2
+ oy (a’l,“ +wa, aﬁ) 7 x 5#}2 e (ffN n wleaunN) {(le’# + wleaﬂnN)oN
(@ + s, 0,7) o + giow (@ +ws, 07 ) - { (Fivan + wpinDunw ) o + o (@1 + w3, 0,7)
+ 75 b+ 02 L@ 7) - [ %+ (G0 + 0, 07) x (a1 + w2, 0,7
n [aﬂ (a”; +wdlaVﬁ)] : [ﬁl, X (am n wdlaﬁ) + (a’l,y + walaﬁ) x ﬁﬂ}} : (4.246)
in order to rewrite Z,4ss,91,9, according to Eq. (4.245). The importance of the form of Eq. (4.245) now

derives from the fact, that the third and fourth term yield conditions for the shape of the parameters wy,
and wg, , which help us to eliminate the mixing terms

g1PN
m% + 20N + % (h1 + ho — h3) qﬁ?v +g%¢?\,

Using this definition, we are able to simplify the coefficients of the fifth and sixth term in Eq. (4.245). We
find

=w. (4.247)

Wfy = Wa, =

1 2 1 2 2,2 2 1 9%(??\7

— 20 —(h ho —h -2 = - ,

2 {|:m1 + 20N + 2( 1+ N2 3) ¢N+91¢N W N 91¢wa1N 2m%+251\]+%(h1 + ho 7h3) ¢?V+g%¢?v
(4.248)

1 2 1 2 2 2} 2 } 1 Q%ﬁv

—q|mi+20n+=(h1i+ha—h + ws — 2 Wg, ¢ = = .

2{[ P g (e = R O [, = 210 2mi + 20y + 3 (hn + ha — hs) 6% + 970%
(4.249)

It is quite obvious that these terms describe additional contributions to the kinetic parts of the ny- and the
7-fields. The problem with this additional contribution is the interpretation of the creation and annihila-
tion operators which emerge in the Fourier decompositions of these fields. To be particular, these Fourier
decompositions are obtained as general solutions of the free Klein-Gordon equations of these fields. If we
now have an additional contribution to the usual factor of 1/2 in the kinetic part of the free Klein-Gordon
Lagrangian, the Fourier components cannot be interpreted as creation and annihilation operators of normal-
ized one meson states. In order to solve this problem, we summarize Eqs. (4.244) and (4.245) into only one
term

jkin.,mass,gl,gg == jkin.,mass + 35;17!]2 s (4250)
where
1 2 ~\2 1 9N 2
fin.mass:*{aa +8a }+{1 19)
Fan-, 5 {Ouon)” + (udo) 2 m? + 205 + L (hy + ha — h3) 0% + 926% (D)
1 g%(b?\/' } 2 1 v v
+ = 1— 8 )" — *{wu w v+ " v
2{ m? + 26y + 5 (h1 + ho — h3) % + g30% (0u7) 2N OV F NS
P By @ @*LW} + Lrass - (4.251)

Now, in order to obtain a canonical normalization of the kinetic terms, we have to introduce a field renor-
malization of the ny- and the 7-fields

NN — ZnnIN (4.252)
T — ZzT (4.253)
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with

[N

2.2
_ giPN
24+ 20N + 2 (h1 + ha — hs) ¢% + g3
mi N T 3 11 2 3) PN T 91PN
It is quite obvious that the kinetic terms of the renormalized ny- and 7-fields now have the right prefactor.
In the following, we have to introduce the renormalized fields in all terms of the eLSM Lagrangian. Starting
with Eq. (4.250), we find

Zyy = Zz = Z . (4.254)

NN ——ZnnN"N>
R——aZ =7

gkin.,mass,gl,gg — gléin.,mass,gl,gz
= g]éin.,mass + gg/il,gg
= gkin.,mass + jgl,grz 5 (4255)
where we renamed £, = — %, 4, and with
1 5 1 1 5 1 19 1 5 0 1. .9 1 ..
Lhin.;mass = By (Ouon)™ — §m§N012v + B (5u77N) - §m3m7712v + 5 (Outo)” — §m§0ag + 3 (Ou7)” — §m3?772
1, 1 1 s 1., . 1 5
- ZWKI WN,uv + imiN (wN /J«) f le nv + 2mf1N (le u) - Z o - Puv + im%‘ (pu)
1., . 1 .
10 A+ 5md, (@)” (4.256)
where we defined the tree-level masses of the mesons as
Mgy = —c1—mj+3 <A1 + ) PN (4.257)
2 >‘ 2
my. = |C1 — A+ — ¢N A (4258)
3o
(M) 4 o
2 >\2 2
mz=|—C — )\1 + — ¢N Z (4260)
miN = m% = + 20§ + = (hl + ho + hg) ¢N R (4.261)
mj,, =mz, =mi+ 20N + 5 (h1 +ha — h3) % + 91O% (4.262)

and
Ly 0n = 01 (9 0N) [( Finog + Zw@MnN)ZnN n (@’W n Zwaﬁ) : Zﬁ} S ACR T [( Finp
+Zwdn )ow + (@ + Z00F) G| + 91 (0°30) - | (i + Zwdn ) 27

2

(@
+ (a1 ut+ Zw@,m) NN + Pu X 60] — g1 Z (0'7) - [(le,y + Zwaumv)c?o + (dl,u + Zw@,ﬂ?)aN
{(fwu + ZwauT]N)va + <a1 u+ Zwd 77) : Zﬁ}Q + %1 {(fw,p

+ 77 % ﬁu]
+ 20w ) 27 + (i1 + Zw) 7?) Zin + P ¥ 50}2 L9 {(fin + 2wty o

2
+ (@1 + 200, 7) - @’0} + 4 {(fmu + Zwdny )do + on (@1 + 2w, ) + 27 x pM}Q
+ gion (fly + Zwd'ny) {( fivg + Zwyn Jow + (@1 + Zwd,7) -do | + gion
X (C‘i’i‘ + Zw@“ﬁ) : {(fm,# - Zwa,ﬂ]N>@b +on (a’l,# - Zw(r“)uﬁ) + 27 x ﬁu}
+9: {0 7) [5 % fu+ (@10 + Z00,7) x (@10 + Z00,7) | + [0 (@ + 2007 |
N7 x (@1 + 200, 7 ) + (G0, + 200, 7) X 7]} (4.263)

At this point, it should be mentioned that the definition of the tree-level masses enables us to simplify the
expressions for Eqs. (4.247) and (4.254),

G1PN  G1ON
=32 T 3 Z
m3, m2

SIS

(4.264)

=(1—-gipnw)"
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Now, since the nn/ fin,,- and 7/d; ,-mixing terms are eliminated from the eLSM Lagrangian and all kinetic
terms are normalized correctly, we can study the influences of the shifts (4.242), (4.243) and the field
renormalizations (4.252), (4.253) on the remaining interaction terms of the eLSM Lagrangian. Since Eq.
(4.240) describes the self-interactions of scalar/pseudoscalar mesons, it is not affected by the shifts in the
axial-vector sector, so that

(4.242),(4.243),
(4. 252) (4.253)

$A17)\2 g)\l Ao

1 A ~ -
=5 (e ) [ob + dowok 4 20+ (@) + 2 ()7 + 22208k + Ao oty

1 3\
+27%0% 7 + ApNZPoNT + 2Z%Na0} -3 (Al + 22> [oXa@g + 20NoNdy + Zin3 7 + Zagr?]

A
- §2 |:8Z20'N’I7N6_io T + 8¢NZ2’I7N5:() ST — 4Z2 (5:0 . 7_1")2}
=D, s (4.265)

where we renamed .,?/(17 xs " a1, in the last line. Then, there is the mixed interaction term that contains
the interactions of the scalar/pseudoscalar mesons with the vector/axial-vector mesons. This term is, of
course, affected by the shifts as well as the field renormalizations. We find

(4.242),(4.243),

(4.252),(4.253)
&
hi,ha,hs

1 . = 2 .
=3 (hy1 + h2) {(012\; + 2% +ds + Z27r2) {(WMM)Q + (lew + Zwaumv) + (pu)2

ghl,hzﬁz

R )\ 2 1 5 2
+ (a;w + Zw@,ﬂ) ] } + B (h1 + h2) dnoN {(WN,H) + (le,u + Zwa;ﬂ?N)
2
+ (ﬁM)Q + (C_il,u + Zw(“)#fr') } + (hz + hg,) w]‘(, [ﬁﬂ - (UNC_l'o + ZQ’I]Nﬁ! + ¢N5:O)
n (&’w n Zwaﬁ) (@ % Zﬁ)} + (ha — h3) ( i+ Zw(‘)“nN) { (a’w n Zwaﬁ) [oNndo

. . L . h 2 .
+ Z°nNT 4 dndo] + - (do % Zﬂ)} + Zg {(WN,H)Q - (le,u + Zw@,ﬂ?zv) + () — (aw

2 2
—&—Zw@ljf) } (012\, + 7% v ar + 72 _'2) + ¢NUN |:(WN,M)2 - (le,u + Zwau”N) + (ﬁu)2

2
— (@ + Z00,7) ] + hy (ZonT — Znwio + on Z7) - | (@ + Zw0"7) x 7]
hs [, ~ 2\12 - ~ N? e o2 S 2
+ 3 [ao X (al,u + Zw@lﬂr)} + [Zw X (al,# + Zwauw)] — (Ao x pu)" — (Z7 x p)
= ghl,hQ,hg s (4266)
where we renamed £ ;- — L, h,hs in the last line. At this point, it should be mentioned that the
expression “mixed interaction term” is not very meaningful anymore in order to describe Eq. (4.266), since

the redefinitions (4.242) and (4.243) will also introduce additional interaction vertices in 2y, 4,,95.95- T be

particular, performing all shifts and field renormalizations, (4.184) becomes
(4.242),(4.243),
(4.252),(4.253) /
"%93’94195’96 393,94’9% ge

(983 + g§4 + %46) [(WN,;L + fingu + ZwaﬂnN)Q (WNw + fivey + Zwal’nN)Q

+ (W — fing — Zwdunn)? (W — fine — Zwdnn)

+ 2 (Wi + fivg + 2w )? (B + @1y + Zwd,7)?

+ 2(wNp — [ing — Zwdunn)’ (py — @1, — ngl/ﬁ)ﬂ

+ (L + L) [Wh + v + Zwdnn) (W + i+ Zw0"nn) (G + G+ Z00,7)
(P + @1+ Zwd, ) + (W — fliy — Zwdrnn) (WX — fiy — Zwd nN)

X (B0 — @1 — ZwI,R) - (B — @1y — Zwayﬁ)} + (—gi N %ﬁ)
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X [(ﬁu iy + ZwdR)? (P + @1y + ZwdR)? + (B — A1y — ZwD, )
X (i — @ — Zw0, 7)) + 2 (7 + @+ Zwd"R) - (7 + & + Zwd"R)
+a

X (P + @1,y + Zwo,T) - (P + @1, + Zwo,7) + (P — d) — Zwot')

: (;7’ @ — Zwd'R) (5, — @1 — ZwO,R) - (7, — 1. — zwaﬁ)}

4 (W + finv + Zwdunn)* (Wnw = fing — Zwdyny)?

(7
X (P

+
+ (P + a1+ Zwo ﬂ') (P — a1, — Zwauﬁ)2 + (wnp+ fing + ZwaunN)2

— Zwd, @) + (W — fine — Zwdnn)? (Bu + 1y + Zwaﬁf]

jgs 94,95,96 > (4'267)

where we renamed &£ — Ly g, 95,96 D the last line. Finally, combining the results (4.256), (4.263),
and (4.265)-(4.267), the full eLSM Lagrangian is given by

D?eLS]\/I
= gk:in.,mass + ggl,gz + g)q,)\z + gfn,hz,hs + $93794;95,96
1 5 1 1 2 1 1 i 1 5 1 . 1 ..
=5 (Ouon)™ — §m¢2m012v T3 (Ounn)” = smi i + 5 (3 o) — §m§0a2 T3 (OuT)” — §mf?7T2 - ZWK/ WN,pv
1 o 1 ... 1 2 1 . 1 1, . 1 L \2
+ §m3)N (WN,,LL) - Zf#Nle,yu + §mf1N (le,;L) - Zp * Puv + 2m ( ) — W + 5777%‘1 (Cl,l_#)

1
+ g1 (0 on) {(fw,u + ZwaunN>Z17N " (a’l,ﬂ + Zwa,ﬂ?) : Zﬂ — 0 Z (9" [(fuv .+ ZwawN)
< on + (am n Zwaﬁ) : ao} + g1 (84G0) - [( Finog+ Zwa,mN) 77 + (aw i Zw@lﬂ?) Zin + P ¥ ao}
2
— 0 7 (0"R) - [(le,u + Zw@,mN)a’o + (a’l,u + Zwaﬁ) on + 27 X ﬁu} + %1 wa,u n Zw@NnN)
— — — 2 g% — — — — — 2
X Znn + ((11,u + Zw@uﬂ') . Z?T:| + e} [(lew + Zw@,mN)Zﬂ + ((11,u + Zw@uﬂ') ZNN + pu X ao}

7
9 [(leH+Zw8N77N)UN+(alu—&—Zwa 77) _’] ? (le,u+Zw8HnN>do+aN

+5 |
x (@ + 2w, 7) + 27 x ﬁu] + gon (fly + 200 ny ) | (fing + Zwduny on + (@1,

+ 2w, 7) o] + gion (@ + 2007 - [ (i + Zwdunn )do + o (@10 + Z00,7 ) + 27 x f]
+ g2 {(8“[7”) . [p"u X+ (517,, + Zw&,fr') X (a1 u + Zwo, 7T>:| [ (&"1’ + Zw@"ff)}

B N N A , B
. [ (al,“ + Zw@,ﬂr) + (alvy + Zw()uﬂ') X plt} } 1 (/\1 + 22) [a’jlv + 4¢N0f\, + Z4T]jlv + (a8)2

1 3\
+ Z* (7 2‘)2 +2Z2%03m% + 4oNZPonni + 222 0% T + ApN ZPonNTE + 2Z%Na§} -3 </\1 + 22> [a?v@'g
p
+ 2pNoNTE + 242 R+ 22537?2] -2 [8220N77Nao R4 8N Zinndo - T — AZ2 (d@p - ﬁ)ﬂ
L hy +h 2 472 7272 2 Zwd )+ (a Zwd, 7
+1( L+ ho) < (ok + 2P0k + dg + ) (W)™ + (fivg + Zwdunn ) + (5u)” + (@1, + Zwd, 7
1 9 2 9 . 2
+ 5 (b1 +h2) oo |(wn)® + (le,u + Zwaumv> + () + (am i Zwa,ﬂr) + (ho + h3)w
X [ﬁu (onGo + Z2n7 + dndo) + (a’w n Zw@,jr') (@ x Zﬁ)} + (hs — hs) ( i+ Zw@“mv) [(am n Zw@,jr')
. . . . . . h 2 N . . 2
. (aNaO + Z%nN7T + ¢>Nao) + P - (do % Z?T):| + 13 {(MMH)Q — (le,u + ZwB,mN) + (pu)2 — (aLu + Zw@,ﬂr) }

2 2
x (o + Z°nx + dg + Z°7°) + ¢N0N |:(WN,H)2 - (le,M + Zwa;ﬂ?N) + (ﬁu)2 - (dl,u + Zwa;ﬂ_f) }

h 2
+ by [ZonT — Zundo + onZR] - | (@ + 200" R) x ] + 5 { [0 x (@1, + Z00,7) |
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2
+ 27 x (@ + Z200,7) | = (@0 x 5)” — (47 x ﬁ,L)Q} (2 + 2+ %) (vt v + Zwdunn)®

X (Wnw + finw + Zwdnn ) + (W — fing — Zwdunn ) (W — fine — Zwdyny)’
+ 2 (WN,,u + le”U. + ZwaunN)2 (ﬁll + a:1,1/ + Zwau'ﬁ)z +2 (WN,,LL - le”U. - Zwa;ﬂ?N)Q

X (P — 1 = Z0d, 7] + (2 + L) [ + Sy + 200 nn) (ke + iy + Zwd“in)

2 2
X (P + a1y + Zwo,m) - (P + a1, + Zwd,7) + (Why — fi'y — Zwdny) (Wi — fin — Zwd’nN)

X (B = G — 2w, 7) - (7 — (@10 — Z00,7) | + (—9—83 + 24 %ﬁ) [ + 10+ Z00,,7)°
g3

X (B + 1+ 2w, R) + By — G — 200 7) (5, — @1, — Z00,7)°] + 2 (7 + @ + Zwor7)
A+ G+ ZwdR) (B + By + ZWOLT) - (By + Br + ZwyT) + (7 — T — ZwOF)
(P — @ — Zwd'R) (B — 1y — ZwD,R) - (B — 10 — Zwayﬁ)}

+ 22 (W + fivg + Zwiunn)? (W — finw — Zwnn)* + (B + @1y + Zw0,7)?

g5
4

(P — @1, — Zw,7)° + (Wi + fivg + 2w )? (B — 1,0 — Zwd, %)
(wn

X
+ (N — finw — Zwynn)? (B + Gr, + Zwaﬁ)ﬂ . (4.268)
At this point, we have made all preparations in order to calculate the tree-level LECs of the eLSM. In the
following three subsections, we will therefore consider three different versions of the eLSM and calculate the
LECs for each of them. In the first version of the eLSM, we set all fields except the ox- and the 7-fields
to zero. Then, apart from the anomaly and the explicit symmetry breaking term, the eLSM will reduce to
the usual O(4)-model. In the second version, we keep all scalar/pseudoscalar fields and only set the vector
and axial-vector degrees of freedom to zero. In this case, the eLSM model already has its U(2); x U(2)g
symmetry. And finally in the last subsection, we consider the full eLSM Lagrangian (4.268). This procedure
will show us some kind of ”evolution” for the LECs, depending on the level of ”completeness” of the eL.SM.

4.3.3 The O(4) Linear Sigma Model

As mentioned before, we want to use this subsection to calculate the LECs of a reduced version of the eLSM.
To this end, we consider the scalar/pseudoscalar matrix ®(z) with the scalar isotriplet and the pseudoscalar
isosinglet set to zero, i.e.,

®(z) = on(x)T° + im;(2)T" . (4.269)
In addition to that, we set the left- and right-handed vector/axial-vector matrices to zero, so that
L*(z) = R*(x) =0 = D,®(z) — 0,P(x) . (4.270)

In this case, the eLSM Lagrangian reduces to
Fopsu = Tr{(0"9)' 9,0} — m3Tr {@l0} — A (Tr {@10})” — AeTr { (270)"}

+Tr {H (o' + @)} + 1 (det® + detdT)
= Zow - (4.271)

At this point, we can use the discussion of the previous subsection. Normally, we would now derive the explicit
form of the above Lagrangian and then spontaneously break its O(4) symmetry by setting m2 — —m2, with
m3 > 0. Then, we would have to find the minimum of the potential, which is, due to the explicit symmetry
breaking term (4.195), of course, again in oy-direction. It is easy to see that the vacuum expectation value
¢n of the oy-field fulfills the same cubic equation as in Eq. (4.225). Finally, we would have to expand
the initial oy-field around its vacuum expectation value ¢y and insert this expansion into the Lagrangian.
Now, since the covariant derivative reduces to the usual 4-gradient, the mixing terms (4.235) do not enter
the Lagrangian. Therefore, the explicit form of the Lagrangian can be obtained from Eq. (4.268) by setting
all vector/axial-vector fields as well as @y and 7y to zero
1

1 1 . 1 . 1 A o\ 2 i
Lo = 3 (GMUN)2 — §m[2,N012V + 3 <8M7T>2 — §m72?ﬂ'2 ~1 ()\1 + 22) [U?\, + 4pnos + (71'2) + 20% 7

+4pnonT?| (4.272)
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where we used that g1 = w = 0 and therefore Z = 1. Then, the tree-level masses of the ox- and the 7-fields
are given by

m2, =—cy —mj+3 ()\1 + ) % (4.273)

mi = —c; — </\1 + ) % - (4.274)

At this point, we are able to calculate the LECs of Eq. (4.272). Following the discussion of Sec. [4.3.1], we
use assumption (A1) and neglect the cubic and quartic powers of . The functional integral of this theory
is then given by

(oN, T, 0|lon, T, —00) :./\/'/.@UN(JC)Qﬁ'(w) exp {i/d4x 30(4)}
- N/@ﬁ(m) exp {i/d4x [; (0,7)° — %mﬁﬁa — i ()\1 + >\22) (7?2)1 } I, 17 ,

where we defined

/.@O’N exp{ /d4 [ ) UN)2 — %miNa?v — i ()\1 + /\22> (202 72+ ApNoNT )} }
(4.276)

The above functional integral is of a Gaussian type and can be solved analytically. To this end, we have to
rewrite the exponential by using an integration by parts

Iy, [7] = /@O’N((ﬂ) exp{;/d‘ixalv [D +m3N + ()\1 + )\22> 7}'2] on +2 ()\1 + ) ONT O’N}

/.@UN exp {—/d4xd4y on(x)Oz(x,y)on(y) + z/d x Jz(x)on(x )} , (4.277)
where we neglected the surface term and defined the operator
2 A2 (4)
ﬁﬁ(x,y) = Dm + mUN + )\1 + — 9 ( ) 1) ( y) (4278)

and the ”source” \
Jz(z) = — ()\1 + 22> PNT . (4.279)

Now, in order to solve Eq. (4.277) by using Eq. (6.39), we have to perform an analytic continuation of the
integral. Using Eqgs. (4.18), (4.20), and (4.21), the Euclidean functional integral is given by

Loy [7] = /QUN@CE) eXP{—;/d4!EEd4yE on(zE)0z,e(E,yE)oN (YE) +/d433E Jﬁ(xE)UN($E)}

(4.280)
with the Euclidean operator

A2 -
ﬁﬁyE(xE,yE) = [_Dw,E + m(QTN + ()\1 + 22> 71'2($E):| 5(4)(3015 - yE) . (4.281)
Using Eq. (6.39), the solution of Eq. (4.280) is given by

I [T = Noy [detﬁﬁ,E(anyE)]il/z exp{ /d49€Ed YE J*(CCEWL (anyE)Jﬁ(yE)}

— N [t (o) exp {3 [ atadty Jx(a) 07 o) 0 |
Az 1
=N,y [det@;(ar;,y)]_l/2 exp {i/d4a:d4y w ?\,_’2( ) {Dm + m?,N + ()\1 + /\22> T (m)}
x 6 (2 — y)ﬁQ(y)}

A+ 22 -1
= Ny [detOz (2, y)) /% exp {i/d4ﬂ? % e [D+m + (Al + )\22) i ] 7‘7’2} ;



CHAPTER 4. CALCULATION OF THE LOW ENERGY CONSTANTS 117

where we performed the analytic continuation back to Minkowski space-time in the second line and introduced
the inverse operator

A -1
Oz (z,y) = [D +ml, + </\1 + ;) 7?2} W (x —vy) . (4.283)

Inserting the solution (4.282) back into the transition amplitude (4.275), we find

(on, T, 000N, T, —00) = N/@ﬁ'(m) exp {i/d4x [; (8#7?)2 - %m%ﬁa - i <>\1 + A;) (7?2)2] }

1 (M + 2)? o =
X Ny [detOz(z, y)] exp i/d4x % 27 [D +ma, + (/\1 + 2) 7_1"2} 2

— Nigs / 97 (x) [detOx(z,y)] " exp {iSow es 7]} (4.284)

with Mgy = NN, and where

1 1 A AL+ 22 A !
SO(4)7eff[7_f] :/d4x {2(6,”?)2_ §m3_f7‘f ()\ + 22> (—'2)2_"_¥ 2 22 [l:l—l—m + ()\1 + 22> 77_»2:| 7?'2}

(4.285)
defines the tree-level effective action of Eq. (4.272). Now, in order to obtain a local effective action, we
have to expand the inverse operator. According to the discussion of Sec. [4.3.1], we are only interested in
four-pion interaction terms with a maximum number of four space-time derivatives. Keeping this constraint
in mind, the inverse operator is given by

{D—I—m?m—i- ()\1+)\22> 7?2}_1 = {(D+m§N) [1+(D+m§ ) (A1+ A;) *QH_I

e (RN s R Y )

=0 9N n=0

1 O \"
5 Z(fl)n <m2 > + terms with two or more 7-fields . (4.286)

ON n=0 ON

Now, we have to consider all terms of the first sum up to n = 2 in order to obtain terms with four derivatives,
so that the local effective action is given by

1 1 1 A 2 (%) 1 O 02
n=2,m=0 4 —\2 2 52 2 ~2 2 2 22 2
S (4)Pff[] /dx{z(ﬁlﬂr) — 5Ma —4<)\1+2> ()" + 5 N 1—m2 +m4 7

1 1 2 A\ A 2¢%,mi A\ ?
_ 4 1 2 1222 N 2 2\ 49PNz 2
- /d x {2 (0,7) SMET T+ |5 s (/\1 +3 > <)\1 5 ) me. <)\1 +5 )

+ iﬁ (Al + ?)2 + W </\1 + A22>2 (7~ 9,7)° + TQniZ (/\ - A;) (0,7)° (ayﬁ)g}
- / diz B (0,7) — %m;#  Crow (7)) + Coogw (7 0,7)% + Ca.o) (0,7)% (8,72
+ Cyio0) (8#7?8,,7?)2} : (4.287)
where we used
/ d*z 7207% = — / d'z (9,7°) 0'w? = —4 / diz (7-9,7)° (4.288)
as well as
/ d'z #°0%7% = | d'z (OF%) O

d4z [(aﬁf (0,7) + Am2 (7 - 0,7)° — mi (ﬁ@)z} : (4.289)



CHAPTER 4. CALCULATION OF THE LOW ENERGY CONSTANTS 118

the free Klein-Gordon equation for the 7'r'—ﬁelds7 and identified the LECs of the O(4) version of the eLSM as

P2 A 1 A 203 m A
Crom = g (M + 22 -7 (M 22 N7 (A + 22 , (4.290)
ON O'N
Ca04) = </\1 + T M+ =) (4.291)
m 2 m$ 2
2% A2
C. = A 4.292
3204 = 6 < it ) ( )
0470(4) =0. (4.293)

At this point, we want to discuss the above results at a qualitative level, since the numerical evaluation of
Egs. (4.290)-(4.293) is part of the discussion in Sec. [4.3.6]. First of all, we observe that one of the above
constants vanishes. Due to Eq. (4.293), we at least qualitatively conclude that the O(4) version of the eLSM
is not sufficient in order to describe the low-energy regime of QCD in the correct way, because Cy  pr is
different from zero. It should be taken into account that this statement is only verified at tree level. A
more detailed discussion of these results can be found in Sec. [4.3.6]. Finally, before we turn to a more
complete version of the eLSM, we consider the (72)? term: In the discussion of Sec. [3.2], we concluded that,
in the case of an exact symmetry, Nambu-Goldstone bosons may only interact among themselves through
derivatively coupled vertices. Therefore, we want to study the chiral limit of Eq. (4.287) in order to show
that C; o(4) indeed vanishes in the case of massless pions. To this end, we observe that the 7@ and the ox
masses can be written as

Mg, =Mz +2 (Al + ) P s (4.294)
m2 = M0 (4.295)
N

where we used Eq. (4.225) in the second line and Eq. (4.274) in order to rewrite the oy mass. Now it is
obvious that in the case of an exact O(4) symmetry (hy,o = 0), the pion becomes massless. In this limit,
the o mass becomes

mz'NJlN,O:O (/\1 + ) d)N . (4.296)
Now, we insert the above on mass and mz = 0 into Eq. (4.290) and find
A A 1 A
Crow ¢7N A+ 22 M+ 22) =0, (4.297)
omZ 2) "1 2
ON,N,0=

i.e., the (72)? interaction term indeed vanishes. This kind of cross-check can be used to show, that our
approach and the assumptions (A1)-(A3) do not destroy the symmetry properties of the effective Lagrangian.

4.3.4 TheU(2),xU(2)g Linear Sigma Model without Vector/Axial-Vector Mesons

In this Subsection, we want to consider a more complete version of the eLSM. To this end, we involve all
scalar and pseudoscalar degrees of freedom in our considerations, i.e., the scalar/pseudoscalar matrix ®(z)
is then given by

O(x) = (on +inn) T° + (ao,; +im) T* . (4.298)
Similar to the previous subsection, we set all vector and axial-vector mesons to zero
L*(z) = R*(z) =0, (4.299)

so that the covariant derivative (4.148) again reduces to a usual 4-gradient
D,®(x) — 0,0(x) . (4.300)

Due to Eqs. (4.299) and (4.300), the eLSM Lagrangian takes the same form as in the considerations of the
previous Subsection, i.e.,

Lersm = Tr {(3“‘1))T3u‘1’} —miTr {ofe} -\ (Tr{@fa})’ - AgTr{(q>TcI>)2}

+Tr {H (o' + @)} + 1 (det® + detdT)
= gU(Q)LXU(Q)R . (4301)
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The important difference to the previous case is now given by the form of the scalar/pseudoscalar ma-
trix ®(z). While Eq. (4.298) is an object that has a well-defined transformation behavior with respect to
U(2)r xU(2) g, the symmetry of the previous version of the eLSM is smaller. This can be seen by the explicit
expression (4.271). There, it is possible to sort the scalar isosinglet oy and the pseudoscalar isotriplet 7 into
a four-dimensional vector in field space. The resulting Lagrangian is then symmetric with respect to global
O(4) rotations. Now it is well known that O(4) is at least locally isomorphic to SU(2) x SU(2), so that we
have a smaller symmetry as in Eq. (4.301).

Similar to the previous consideration, the absence of the vector/axial-vecotr sector and therefore of the
covariant derivative does not require any shifts of field variables in order to diagonalize the Lagrangian.
Therefore, the explicit form of Eq. (4.301) can be obtained from Eq. (4.268) by neglecting the vector/axial-
vector degrees of freedom as well as their couplings and setting gy =w =0, Z =1

1 1
S uon) — im0kt

LU xU@)n = 5 5

, 1 1 1 0o 1. s 1 ..
(Ounn) *QmiNWszJri(auao) 2m2 a%+§(3u7r) fimf?wz

1 A ~ - -
- = (/\1 + 2) [O’jlv + 4pnoS + i + (a%)2 + (71'2) + 2033 + 4oNoNni + 20572

4 2
3\
+aonon i+ 2] - 5 (n+ 252 ) [ohad + 20wonid 4 i + i
)\2 - - = N = N2
~ 3 [SO'NT]NCLQ T+ 8pnnNdy - T — 4 (do - T) } , (4.302)

where the vacuum expectation value of the oy-field again fulfills Eq. (4.225). The tree-level masses of the
scalar /pseudoscalar mesons are now given by

m2 = -—ci —mj+3 ()\1 + ) Py (4.303)
ml.=ci— </\1 +5 ) 3 (4.304)
m3, =c1—mf+ (/\1 + 3’\2) PN (4.305)
mz = —c; — (Al + ) P - (4.306)

Again, we can use assumption (Al) in order to eliminate redundant terms from the Lagrangian (4.302).
With f = {on,nn,dp, T}, the transition amplitude can be written as

(f,00|f, —0 N/@(IN VPN () Ddy(x) D7 (x )exp{ /d x Ly Q)LxU(Q)R}
= [ga@en i [at [J@a? - gnae -} (0 2) @]} orliialiira o
(4.307)
where
7] = /%N(x) exp {i/d4x [; (o) — %mgNa%v i ()\1 + A;) (2037 + donon )]} ,
(4.308)
7= [ ont) e {i [ ate L@ - Sk - 3 (n+ 52 ) ]| (4.309)

Iz, 7] = /.@d’o(z) exp{ /d x B (8#(_1'0) ;mz Ei% - = <)\1 3;\2> (_1%7?2 + % (do ~7?)2}} . (4.310)

Our first observation is that the use of assumption (Al) decouples all Gaussian functional integrals that
correspond to the "heavy fields”, which of course simplifies the following calculation. Furthermore, due to
Eqgs. (4.309) and (4.310), the only functional integral that, at tree-level, will introduce four-pion interaction
terms is given by Eq. (4.308). This directly follows from the fact, that the functional integrals with respect
to nny and dp are not shifted, so that their solution only corresponds to a functional determinant. We also
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observe that Eq. (4.308) is exactly the same Gaussian functional integral that we already solved in the
previous Subsection. For the sake of completeness, we quote the final result of this integral

A+ 3 -
I, [7] = N, [det@z(z,y)] % exp {i/d‘*x % 272 {Der + </\1 + A;) *} 7?2} .

(4.311)
Now, we focus on the two remaining functional integrals. The ny integral can be written as
i 3
I [T = /.@nN(x) exp {—; /d‘lx NN [D —&—mfm + ()\1 + 22) 7}*2} ﬁN}
i
= [ 2nvta) exp {5 [ @ty i@ x| (1.312)
where we integrated the kinetic term by parts and introduced the operator
2 3A2 2 (4)
ﬁﬁ,nN ([L" y) = DI —|— mnN —|— )\1 + 7 (.T) 5 (.r - y) . (4.313)

In order to solve Eq. (4.312), we have to Wick-rotate the functional integral by using Eqgs. (4.18), (4.20),
and (4.21). The Euclidean functional integral is then given by
o 1
Ly [7] = /QWN(xE) GXP{—Q/d4$Ed4yE UN(xE)ﬁﬁ,nN,E(an?JE)UN(:UE)}

=N,y [det@, o E(TE, yE)} e

—1/2
= N [det@?,mv (, y)} ) (4.314)
where we used Eq. (6.39), introduced the Euclidean operator
2 32 =2 (1)
ﬁﬁ,nN,E(xEvyE) = _DI,E + My + A1+ 7 ( E) 1) (LUE — yE) , (43]_5)

and performed the analytic continuation back to Minkowski space-time in the last line of Eq. (4.314). Finally,
we are left with Eq. (4.310). In order to rewrite this functional integral, we have to introduce isospin indices,
since the resulting operator is not diagonal in isospin space. We find

A , o
Iz, |7 /an ) exp {—2 /d4x ao,i { {D + m~ <>\1 + 322> wkwk] g — )\27r’7r1} ao’j}

. / Dy (x) exp{; / diaddy a0,(2) 03, (x,y)ao,j(y)} , (4.316)
where
O 4 (w,y) = { {D +m3 + = <)\1 + 332) ﬂ'k(a:)ﬁk(x)] g — )\gwi(x)wj(x)} sz —y) . (4.317)

In the upcoming Subsection, we will encounter this type of non-diagonal operator again, when we have to
solve the functional integral with respect to the p-fields. For the moment, we return to Eq. (4.316) and
transform the functional integral to Euclidean space-time

L - 1 ij
I5,[7] = /@ao(xE) exp{—Q/d4$Ed4yE ao,i(ffE)ﬁﬁj,ao,E(fE&yE)ao,j(yE)}

—1/2
= Na, [detﬁﬁ,de(nga yE)}

]—1/2

= Na, [det Oy (2, Y) ; (4.318)

where

3;\ ) Wk(a?E>7Tk(fL'E):| g7 — Agwi(xE)ﬂj(xE)} oW (zg —yg)

(4.319)

Oz.0,8(TE,YE) = { |:|:|ac E+mg + = </\1 +
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defines the Euclidean version of the operator (4.317). Finally, combining Egs. (4.311), (4.314), and (4.318),
the transition amplitude (4.307) becomes

(f, 00l f, —00) = / P7(x) exp{i / d'z E @ - Lz~ 1 (Al . A;) (W]}

2
_ AL+ 22 A -1
x Ny, [det@(x, )]~/ exp {i/d%; % 272 {D +m? 4 (Al + 22) ﬂ 7?2}

X Now [det@?mN (z, y)} _1/2/\/50 [detﬁ;rﬁo (, y)} e

—1/2

. —1/2 —1/2 . —
- eff/@W(x) [det@?(ac,y)} [detﬁ’,?mN(x,y)} {detﬁﬁﬁo(ﬂc,y}} exp {zSU(Q)LXU(Q)R7eff[7T]} ,

(4.320)

where the tree-level effective action Sy (2), xv(2)p,erf[T) is given by Eq. (4.285), since only the oy has a
tree-level contribution to the four-pion interaction terms. Performing the same expansion as in Eq. (4.286)
and using an integration by parts, one finally obtains the same result as in Eq. (4.287)

n=2,m=0
SU(2)L><U(2)R eff[

7
2
1 1 Ao 2 (M +22) 1 O mE

4 7 2 22 —2 2 2 =2 -2
/d { )—imﬁn 4<A1+2>( )"+ 5 (S 1_m3N+m§N 7
1 2 A A 262, m Ao\ ? 2

_ 4 -\ 2 2 =2 N 2 2 N'E 2 -2
= [ d*z (Ou7)” — S mET + o2, ()\1 + 5 ) ()\1 5 ) — c A1+ 5 (7r )

+

4
m ON ON

1
2
262 A\ 8¢ m2 A\ 2 A
N ()\1—1—22) + ﬁ%mﬂ <>\1+22> ](ﬁ'-@,ﬂr) + m¢N ()\1+ ;) (8,7)* (81,7?)2}

7) I 5 9\ 2 o
/d4 [ 0,7) 2 - 5m?}-7r2 +CLu@)LxU@)r (772) +Cov@)xv@ng (T 6u7f) + Cs,02), xU(2)r (On TF) (O,
+ Cav@)xU@)n (@ﬂ?'@uﬁ)ﬂ ; (4.321)

which yields the same tree-level LECs as in the previous discussion

PN Ao A2 2¢Nmﬂ A2\
C1,50(2), xSU@2)r = % AL+ 7 4 A1+ > m?,N A+ — 5 , (4.322)
203 A2 8pxm A2
Ca,sU(2)LxSU@2)R = (M + = + Tl M+ = (4.323)
v Bomiy 2 mS 2
202 A
C3.5U(2),xSU@2)r = meN ()\1 + 22) ) (4.324)
oN
Ca,5U(2),xsU@2)r =0 - (4.325)

It is therefore clear that the final discussion of Sec. [4.3.3] concerning the (72)? interaction terms also
applies to this case. Finally, we have to finish this calculation with a brief qualitative discussion of the
results. It is obvious that the extension of the previous O(4) symmetry to U(2)r x U(2)g is not sufficient
in order to describe the low-energy dynamics of QCD at tree-level in an appropriate way, if we neglect the
vector /axial-vector degrees of freedom. But, in contrast to the previous case, at one-loop order, we obtain
more contributions which arise from the inclusion of the ny- and the dp-fields.

4.3.5 The U(2); x U(2)g Extended Linear Sigma Model

In the last two subsections, we considered slimmed versions of the eLSM and found that, at tree-level, the
absence of vector/axial-vector degrees of freedom leads to a wrong description of the low-energy regime
of QCD. In the following, we therefore include all vector/axial-vector mesons and calculate the LECs for
the complete eL.SM. This means that the scalar/pseudoscalar matrix ®(x) and the left- and right-handed

7)?
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matrices L*(x) and R*(x) are given by

®(z) = [on(z) +inn(2)] T® + [agi(z) +im(z)] T, (4.326)
L4(@) = [why (@) + i @) T + [l (@) + ol ()] T, (4.327)
Ri(z) = [why(2) = M (@)] T+ [pl(2) — at ()] T (4.328)

Therefore, the covariant derivative, defined in Sec. [4.2.2.2.1], takes its usual form, i.e.,
D, ®(z) = 0,®(x) —igr [LV'(x)®(x) — ®(z)R' (x)] . (4.329)
As already introduced in detail in Sec. [4.2.2], the full eLSM Lagrangian is given by
ZLovsu = Te{[D"0]' [D,0]} — m3Tr (@10} — A (Tr {@l0})* — 2o { [070]"}
- iTr {L" Ly + R* Ry} + Tr { (”f + A) [L"L, + R“R#]} +Tr {H [®" + @]}
+ o [det® + det®f] + igg [Tr {L’“’ L, L,,]f} FTr {R”” (R, R, H

+ %Tr {®'®} Tx {L"L, + R"R,} + hoTr {|L“<I>|2 + |<I>R“|2} +2h3Tr {®R*®TL,)

+g3 [Tr{L'L"L,L,} + Tr {R*R"R, R, }] + g4 [Tr {L*L,L"L,} + Tr {R*R,R" R, }]
+gsTr{L*L,} Tr{R*R,} + g¢ [Tr {L*L,} Tr {L"L,} + Tt {R*R,} Tr {R" R, }] . (4.330)

In Sec. [4.3.2], we saw that the modeling of spontaneous chiral symmetry breaking leads to non-diagonal
terms in the eLSM Lagrangian, which had to be eliminated by shifting the axial-vector field variables accord-
ing to Eqgs. (4.242) and (4.243). These field redefinitions gave rise to a wrong normalization of the kinetic
terms of the ny- and the 7-fields. To this end, we had to renormalize the fields by introducing an appropriate
scaling factor (4.264). After performing these manipulations the explicit form of the eLSM Lagrangian is
given by Eq. (4.268). This Lagrangian now yields the basis for the following discussion.

Similar to the discussions of the previous subsections, we now have to apply the assumptions (A1)-(A3)
in order to get rid of all interaction terms, that are redundant for a tree-level analysis of the LECs. In
principle, we now have to write out all terms of Eq. (4.268) explicitly and then apply (A1)-(A3). Since this
procedure is quite tedious and not very meaningful, we only quote the final result. It can be shown that the
eL.SM Lagrangian (4.268) can be cast into the form

geLSM = gkin.,mass + gRﬂ'ﬂ' + gRRﬂ'ﬂ' + 5477 ) (4331)

where Zyin. mass 1 given by Eq. (4.256) and the tree-level masses are given by Eqs. (4.257)-(4.262). The
second and third term in Eq. (4.331) contain interaction terms that include one or two resonances and two
pion fields. The explicit form of these terms is given by

Ao
LR = ()\1 + ) ONZPoNT + qrwZ? (O'oN) (0,7) - 7 { [91¢N + (h1 + hy — h3) (b] w?Z? — gleQ}

2
X ON (6”71') + gow?Z? (0"p") - (0,7 x 0,7) + [(91dN — haon ) wZ? — g1 Z%] p* - (7 % )

A2

1 1
+ Z (hl + hoy — hg)] w2220_12v (8#7?)2 — 5 <>\1 + D)

o, 1 S =
> Z20% 7% + 3 (91 — h3) Z* (7 p#)2

1 ) : }
7 (i + ha ot hy) 227 + (—%‘3+92—4+g—2"’+ge) w2 Z2 2 (0,7)° + (—g3 + 94 — g5 + 296) w22
X (" 0u7) (P - 0u) + gsw? Z2 [(§" - 77) (0T - D7) + (5 - 0" R) (B - D7) + (P - O ) (P - D7)

1 2 1
| ] Ot b )| w22 @7 | Bk ()| w22 0,7)°
1 3\ N . S
= </\1 + 22> Z'n} 7 + (297 + ha — hs3) w?ZnN (0"nN) 7 - (0,7) + (g5 + ga) w*Z*
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- N : L2 A I
< (@) (0713) (0,7) - 07) + (5 + 5+ 2 +96) 0 2" Oum)* (0,7)° + F22 (o - 7
h3

2 2

1
+3 (h1 + ha + hg) Z2w3y; /7 + (%3 + %4 + %5 + 96) wZ?wi, (0,7)° + (g5 + ga) w?Z?

i1
X whwi (0,7 - 0, 7) + [921 + i (h1 + ho — h3)] ZQ‘}‘f]\,,uff2 + (‘%3 + 934 + 935 + gg) w?Z?

2
» v " S T 1 2 -
X fiv (0,7 + (93 + 90) W 22 fly fiy (0,7) - (0,7) + D27 (@10 7)° + 7 (a + ho — o) 2%, 7

2
5 ~ - h . -
+ (2 B+ Dt g6) w27, (0,7 + 2 (@ X R 4 (=93 + 90+ g5 + 200) w222

1 3\ 1 2
— - <>\1 + 2) Z%age* + 7 (b + hy — ha) w® 2% (8,7)° + %w222 (d@o - 0,7)° + 5w’ Z® (d@ 0,7)°

x (@ - 0,7) (@ - 0,7) + gsw Z* (@ - 0" ) (Gr.pu - D) + (@ - O"F) (@1, OuF) + (@7 - &) (Ou7) - (B,7)] -

(4.333)

Finally, the last term of Eq. (4.331) contains all terms, which contain four pion fields with up to four
space-time derivatives. The explicit form of this term is given by

2 1 1
e = L7 (7 0,7)" - | (Al + A;) Z4(7)° + § (b + b — ha) w217 (0,7)7 + %uﬁz‘* (7 x 0,7)°
+ (-2 B B P17t 0,7 (07) + Lt 2t (07 0F) (07 - 0,7) (4.334)

From Eq. (4.332) we can make an important observation: In contrast to the previous cases, we now have
another resonance which couples in the form Rznw to two pion fields. This, of course, will result in new
four-pion interaction terms. In addition to that, also the oy-field obtains new interaction vertices with two
pion fields. All other resonances only couple in the form RR77 to the pion field. Therefore, all other mesons
only contribute at one-loop order to the LECs of the eLSM. Another important observation is, that the
assumptions (Al)-(A3) again decouple all heavy-field interactions. Therefore, the functional integrals of the
heavy fields also decouple, so that we are able to solve them independently of each other.

With f = {on,nn,do, T, wN, u, fiNus Pus @1}, the transition amplitude can be written as

(f,00|f, —00) = N/@aN(a:)@nN(x)@d’o(x)‘@ﬁ(a:)@wjv,ﬂ(x)@le’u(m)@p_’u(ac)@d'LH(x) eXp{iSeLSM

+1 / dz .,%F} , (4.335)
where
Sersm = /d4$ ZeLsm
- / A2 (Liinmass + Lrnn + Lrrns + Lin) (4.336)
and
Lop = 5 (@~ S 0,1y~ (0,77 — S0 (0,1 (4.337)

defines a gauge-fixing term. In principle, this term is not necessary, since the Lorentz gauge-like condition
(0, A"), with A" € {wh;, fi'y, o, @y}, which can be obtained from the equation of motion of a Proca field, is
sufficient in order to eliminate the redundant degree of freedom. But it will be shown that the introduction of
this so-called Stueckelberg term will be quite useful, when we consider the differential operator corresponding
to the p*-fields. Before we continue with the functional integral (4.335), it will be useful to reorganize the
terms in Serspr- To this end, we use the fact that all heavy fields decouple, so that the eLSM Lagrangian
can be written as

Lorsy = L=+ fUNﬁ + fm\,ﬁ + Z@‘Oﬁ + ngﬁ + fleﬁ + fﬁﬁ + falﬁ , (4.338)
with
1 1 2 1 A 1
Lr = (0,7)° — §m§ﬁ2 + %111924 (7 0,7)° — 1 (Al + ;) 74 (7)) + 7 U1+ Do = hs) w?Z47? (9,7)°

+ B2zt (7 x 9,7)° + (—gi y 919 @) wiz(9,7)% (0,7) + %M4Z4 (0"7) - (9"7) (0,7) - (9, 7) |

171712
(4.339)
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1 1 A o - =
DiﬂgNﬁ = 5 (auo'N)Q o 5frn? ()\1 + 22) (;51\7220'1\[71-2 + glw22 (8“0’]\[) (auﬂ') - T+ { |:g%¢N =+ (hl + ho — hg) ¢2Nj|
2772 2 2 gi | 1 272 2 e 1 Az 2 2 -2
x wZ* — qwZ?} oy (0,7)° + {2+4(h1+h2h3)} w?Zo% (0,7) ~3 ()\1+2) ZPoit
(4.340)
1 1 21 . 2 1
Loz = 5 (8u77N)2 - imfmn?v + [921 + 1 (h1+ hy — h3)} w?z* (8,/]1\7)2 7+ [921 + 1 (h1+ ho — h3)] w?z*
. 3 o o o
X 03 (0,7)% — (Al + 2) Z'nn® + (207 + ha — hs) w? Z ny (0"nn) 7 - (0, 7) + (g3 + ga) w* Z*
X (0 0x) (1) (0,7) - (0,7 + (5 + 5 + 2+ 96) w2 (@umw)* (0,7)° (4.341)
1 . 1 i A . 1 3A o 1 " =
Lz = = (0,0)° — =m2 @+ Z22% (@ - 7)° — 5 (M + 22 ) Z2@B7% 4~ (hy + ha — ha) w?Z2a2 (8,7)°
2 2 2 2 2 4
9% 272 (= L2 hs o0 —\2
+ Y Z< (dp - O,7)" + Dl Z< (dp x 9,7)" (4.342)
g_‘_luu 1 5 5 waau2 1h b 4 ha) 7202, 2 93 | 94 | G5 2 2
on® = T WN W+ G Wi — o (Guy)” 7 (et he o+ he) ZPwy 74 (5 S g Jw
x Wi, (0u7)% + (g5 + g2) W2 Z2WhW¥ (0,7) - (Bu7) (4.343)

2

(L2 D o) w22 Ry (O + (g3 + 90) WP 22 iy fi (B (OF)  (4344)

1 v 1 5 2 g2 1 R
L = _*ffolN,;w + §m?1Nf12N,u - f21N G 1 (h1 + hg — h3) ZQfIQN,;ﬂTQ

1
M P + maﬁiff—p(ﬁﬂp) + gow?Z% (01 p") - (0,7 x 0,7) + [(g%d)N*hquN)wszngz]
I | oo
.(aﬂ’]TX’]T)—f—i(gl—hg)Z (wxpu)2+,(h1+h2+h3)22pﬂ +<—g§+g§+%+g) 22
5 (0,7)* + (—gs + 94— g5 + 296) W Z* (7" - 0,7) (7 - 0, 7) + gsw? Z2 (7" - V) (0,7) - (9,7)
(

P 0"R) (B 0,7) + (7 0F) (B, - 0,7)] (4.345)

]'—o v pd ]‘ - 41 — —2
fdﬁr:*iaﬁt 'aluv+§mélaiu g; (Bu)* + 9122 (@1 7+ - (h1+h2*h3)22a1u

oy hea
(-2 D Lo o) wP@ L (OR) + 222 (1} B+ (—g5 + 91+ g5 + 200) 0?2

x (@ - 0,7) (@ - 9,7) + gaw? 22 [(@ - 9'7) (@1, - O,7) + (@) - O"F) (@, - D7) + (@ - @) (8u7) - (B,7)] -
(4.346)

Then, using (4.338)-(4.346), the functional integral (4.335) can be written as
(fr00lf.~00) = N [ G (@) Py (0)780(0) P () P (2)2 Fix o (0)95,(2) P u0) exp {z R -

+ gRﬂ'ﬂ" + jRRWﬂ‘ + j47r + gGF]}

:N/.@ﬁ(x) exp {i/d% .,%}/QUN exp{ /d4x .,%UM}/.%J,L x exp{ /d4:z: .,zﬂ,;ﬁ}
X /.@mv(x) exp {i/d‘*x Dsfwﬁ}/%o(x) exp {i/d‘*x gaoﬁ}/@w]v,u(x) exp {z’/d4a: .,zﬂw?}
X /@fm,“(x) exp {i/d‘lx .,sffmﬁ}/%’l,u(x) exp {i/d‘*x fm}

:N/@’I_T'(it) exXp {Z/d4x gﬁ}IUN [ﬁ]‘[ﬁ[ﬁ][nz\r [ﬁ]Iﬁo [ﬁ]IWN [ﬁ]IﬁN[ﬁ]I&’] [7?] ) (4347)
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where we defined the different functional integrals according to

Ip[# /@f exp{ /d‘*a:.,sf,ﬁ} , (4.348)

for f" = on, P, NN, To, WN,u, fiN, s @1,u- At this point, we are able to calculate the Gaussian functional
integrals (4.347). As already mentioned, the only interesting integrals for our tree-level calculation are those
with respect to on and pj,. All other integrals only contribute at one-loop order. The solutions of these
integrals can be obtained in a similar way as those in Eqgs. (4.311)-(4.319). Without specification of the
exact form of various differential operators, the solutions of the these integrals are given by

—1/2
I’ON [ﬁ] = N”]N [detﬁnz\],ﬁ(xa y):| 9 (4349)
) -1/2
Iz, [7?] = N&‘g [detﬁ;%’ﬁ(x, y):| , (4.350)
—1/2
Lo [7] = A, [detﬁzj; M@ y>] , (4351)
—1/2
Ity [7] = Ny [detﬁfﬁv,ﬁ(%y)} , (4.352)
. ~1/2
ij
I3,[7] = Na, [det (ﬁgf,,?) (:c,y)] : (4.353)

In the following, we now have to solve the remaining two functional integrals. To this end, we start with the
oy integral which is given by

7] = /%N(x) exp {z’/d% zﬂNﬁ}

= /@aN exp {i/d4z {; (8H0N)2 - %mg ()\1 + >\2 ) ONZPoNTE + qrwZ? (0" oN) (0,7) - 7

- 1
+ { {g%ﬁN + (h1 4 ha — h3) QSQN} w?Z? — gleQ} oN (8u7r)2 + {921 1

; (Al + A;) Z%fv#}} . (4.354)

In order to rewrite the above functional integral into the standard form of a shifted Gaussian integral, we
have to integrate the first and the fourth term of the exponential by parts, so that

A 1
/@UN exp{ 5 /d4aj oN {D + m?TN + (/\1 + 22) 227 + {gf + 3 (h1 + hg — hg)] w?Z? (3u7?)2} oN

+ Z/d4$ { (/\1 + /\2> ¢NZ27T20'N + { |:g§¢N + (h1 + ho — hg) ¢2N:| w?Z? — gleQ} (8,ﬁr’)2 ON

(hy + hg — hg)} w?Z%0% (9,7)°

— quwZ® [0" (9,7 - 7)) UN}}

/ Don(z exp{ 3 / d*zdty on (2) Oy z(x,y)on(y) +i / d%JaN,ﬁ(x)aN(x)} : (4.355)
where

Oaalen) = {0 4 m2y + (4 2) 220+ [3 4 5+ e = 00| w222 7 |89 - )

(4.356)

and
Jon 7(x) = {glw22m72? — (/\1 + )\2> ¢NZ2} { [g%qﬁz\r + (h1 + ho — h3) d)QN} w?Z? — 291wZ2} (8H7_r')2
= ClonT2 + Coon (0,7)7 . (4.357)

The above ”source” was obtained from the first line of Eq. (4.355) by using the product rule
O (9,7 - 7) = (OR) - T + (9,7)° (4.358)
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and by using the free Klein-Gordon equation for the 7-fields

O7(z) = —m27 . (4.359)
Furthermore, we defined the coefficients
2,2 )‘2 2
Cloy = QWZ"mz— (M + — | OnZ (4.360)
Coon = {g%(b]v + (h1 + ha — hg) dﬂ wZ? —2gwZ? (4.361)

which have, to this order, dimension [Energy] and [Energy '], respectively. As a cross-check, we can now
use these coefficients and the operator (4.356) and set w = g1 = g2, Z = 1. In these limits, we exactly obtain
the Gaussian functional integral for the oy-field, which we had to solve in the two previous Subsections,
Eq. (4.277). Similar to that discussion, we now have to perform the analytic continuation from Minkowski
space-time to Euclidean space-time. With Eqgs. (4.18), (4.20), (4.21), and the Euclidean operator

A , 1 . 2
Oon #E(TEYE) = {_Dz,E +mZ, + <)\1 + 22) 27 (vp) — [gf + 3 (h1+ he — hs)} w?Z? [5577(96}3)] s (zp—yp)

(4.362)
the Euclidean functional integral is given by

H 1
I, 7 = /-@UN(IE) eXp{Q/d4$Ed4yE oN(@E)Osy 7 E(xE, YE)ON(YE) +/d4IEJoN7ﬁ,E(fEE)UN($E)}
- —1/2 .
= Noy detﬁaN,ﬁ,E(fUE,yE)} exp{2/d4$Ed4yE JoN,ﬁ,E(xE)ﬁa;,ﬁ,E(anyE)JoN,ﬁ,E(yE)}

- ~1/2
=Ny |detO,, 7(x, y)] exp{

N | .

/ d*2d'y Joy #(2)0 ) 2(2,y) oy (y)}
/

DO .

- —1/2
=Ny |detO, 7(x, y] exp{

A 1
d*z Joy 7 {D +m2 + ()\1 + 22) 77 + [g% +5 (i +he - h3)]

-1
x w?Z? (aﬂﬁf} J(,M} , (4.363)

where we transformed the integral back to Minkowski space-time and introduced the inverse of Eq. (4.356),

Ao 1
O, (x,y) = {Dm +ml,+ (Al +5 ) 77 (x) + [g% + 5 (a4 ha = hg)] w?Z? [aﬁﬁ(x)]Q} s (x—y) .

(4.364)
Now, in order to obtain a local result for Eq. (4.363), we have to expand the square bracket in powers of
inverse oy masses and 7-fields. We find

A -1
{D +ma, + (Al + ;) Z?7% + [gl + 5 (h1+ha — hg)} w?Z? (a,ﬁ)z}

{1+ @+m2)" |:()\1 + /\22) 772 + {gf + % (h1+ he —hs)] w?Z? (aﬁ)ﬂ }_1 O+m2,)"
S e {@rme) (e ) 2w i g no| w2 0.07] ) - S ()

m=0 ON n=0

o0 D n
= Z(—l)" ( 5 ) + terms involving two or more 7-fields , (4.365)

ON

where we suppressed all terms with m > 0 in the first sum. Similar to the previous Sections, we are interested
in four-pion interaction terms that contain up to four space-time derivatives. Therefore, we expand the first
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I, 7] =

—1/2 i 1 O
| = Noy {detﬁw,ﬁ(x,y)} exp {2 /d4:1: [CLONT?2 +coon (@ﬂ?)ﬂ < —

= ) [eLon 7
C1, T
+C2,0n (8117?)2} }

—1/2 ) 2
g g
=Ny [detﬁ(mﬁ(x,y)} exp{;/d‘lx {W ~2 (1 _

o Cl,onC2, 2
5 2+4>7T2+UN20N((9M77) 1-—
m maN mUN maN

sum in Eq. (4.365) only up to n = 2 and neglect terms of O(9%), so that the functional integral is given by

4
Mg

2
ON ON
(e)

(a) (b)
2
Cl,onC2,0n -2 O —\2 CQ,U —\ 2 O —\2
g, (1‘mgN> OF) + 7~ ) (1‘ )(a””) H

(d)

For the sake of clarity and in order to identify the relevant terms, we consider the four terms (a)-(d) separately.
Integrating the second term in (a) by parts, we find

“’N/dl4 ( ——+ Df)ﬁ?:clm/d‘* {7?2
mUN

O'N

1 ~ ~ 1 R o
+ mT (6#71'2) (8H7T2) =+ mT (D7T2) |:|7T'2

A oN - 4 - 4 . .
7771% /d4 {( )% 4 - (w~aﬂw)2+m7[(am2(aﬂ)2

oN
+Am2 (7 - 0,7)% — m (7?2)2}

Similarly, term (b) can be rewritten as

CloNCQUN/d4 7T ( | )
;L

ClonC2,0 2m2 W2 o2 201 55C20 2 a n2
= [ d' { Sl (1+ ”> (0,7)" 72 — Z2IN 2N (9, 1) (0,7)7 ]
/ m2 m2 mi

(4.368)
where we used the chain rule, the product rule and the free Klein-Gordon equation for the 7-fields, Eq
(4.359).

Performing two integrations by parts in the second term of (¢) and using exactly the same manipulations
as in Eq. (4.368), we are able to show that the third term yields the same result as (b),

ClonC O ClonC 2m2 2¢1 o C
Chontson [ g1y 2 < : ) @7 = [dt {NN (1 ; ) (07 72 — 2LonC2ox (22 (5, 7)?
M5y msy m Moy
Finally, in the case of (d), we are able to neglect the contribution of the second term, since it contains six
space-time derivatives. We find

(4.369)
b o (- 5

2
mg,

ON ON

/ d'z 2"N 0,7)2 (9,7)2 + O(8°) . (4.370)

Combining the results (4.366)-(4.370) and summarizing identical terms, the functional integral I, [7] can
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be written as

. —1/2 . 4 C%’[,N 4mj§ Cl,onC2, (,Nmﬂ Zm% o 2
I [7] = Ny |det Oy (2, y) exp<i [ d*x o2, 1-— i + 2 1+ 3 (7%)

ON ON
2 2 2 2 2
2¢7 5 4mz, 2C1,05C2,0N 2mz . N2 Con  20105C20y 2010y
+ 7 1+—5%)— 5 1+ — (- 0u7)" + o2 1 +—
md m2 m2 m2 m2 m ms

x (9,7)° (aﬁ)Q}} . (4.371)

Finally, we have to consider the g integral. In this case, the situation becomes more involved, since the pj,-
and the 7-fields are both vectorial structures in isospin space. To this end, we write the functional integral

I7) = / Dp,(x) exp {z / d*z zﬁﬁ}

- . 1 — v — — 1 o —
~ [ ew{i [ate {-{ @5 - 27)- @5 - 0.5 + it - 0.7 0.

2 1 o 1 o o .
+ [92 5 (o - h3>] 2R =5 (= he) 22 (G- 7+ (=5 + 5+ 5+ 90) w2220 (0,7)°

(b) (¢) (d)
T w22 (7 ) (0,7) - () + (7 - 0°F) (7 - 0,7) + (7' 0°R) (5 - 0,7)]

+ (=93 + 91 — g5+ 296) w? 2% (P - O,7) (5" - D7) + (97 — ha) onwZ® — 1 Z°] ' - (87 x 7)
(f) (9)
+ gow?Z% (05" - (9,7 x 8,ﬁ')}} . (4.372)
(h)

In order to rewrite the above integral in the usual form of a shifted Gaussian integral, we have to introduce
isospin indices for those terms that are quadratic in the j,-fields, i.e., (a)-(f). The remaining two terms,
(g)-(h), correspond to the ”"source” term, which is linearly coupled to the pj,-fields. But before we consider
these terms, we focus on the first six terms and rewrite them in the desired way. Using the antisymmetry of
the field-strength tensor and integrating the first and the third term of (a) by parts, we find

1 N »

/d4x [—4 (O15” — 0" ) - (8 — D) + §m%ﬁg _& (0,0") - (0 )}
1 - 1 2 v

= [ata |5 @ - )@+ Yt - L @) 0,7
= [ate (Lo, @gw —0m0n) 5, + L2 1+ 50000
= 5Pu g Pv Qmﬁp# o Pu Pv

1. v v =
— [t 3 (O my) o - - g 0] 5,

1 -
— [ 4% Gpus [O+m2) g = (1= &) 00] s (4.373)

where we introduced isospin-space indices in the last line. Obviously, this term corresponds to a structure
which is diagonal in isospin space. This kind of structure is also present in (b) and (d), so that

1
/d4 {91 = (hy + he —hg)] 2R = /d4 [91 7 (i +ho —h?,)} Z2p, " 572, (4.374)

4 93 94 | G5 2,22 _ 4 93 94 | U5 2,2 uvsij N2
/dx( 2+2+2+ge> Z°p (87r) /dx( 2+2+2+gg)prwg 0 (0a™)” puj -
(4.375)
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On the other hand, the terms (c), (e), and (f) are not diagonal in isospin space, since

1 N = 1 v, 1,_jJ
/d4x 5 (91 — h3) Z* (P, 7% = /d4x 3 (91 — h3) Z%puig"'m'nlp,; (4.376)

(4.377)

/d433 (=93 + g1 — g5 + 2g6) W Z* (P - 0, 7) (p” - D, 7) = /d4$ (=93 + g1 — g5 + 2g6) W Z°p,; (O*7") (8°77) pu.j
(4.378)

And exactly the non-diagonal contributions of (e) and (f) will cause problems, when we have to invert the
corresponding operator. This can be understood as follows: In the previous calculations all operators of
the heavy fields, which we had to invert, were diagonal in isospin space as well as in space-time, compare
Eqgs. (4.278) and (4.356). In the case of the pj,-fields this situation changes, since the terms (a)-(f) contain
contributions which are non-diagonal either in isospin space, or in space-time, or in both spaces. Therefore,
the process of inverting the corresponding operator becomes more involved. In our case, the outermost
mathematical structure is that of isospin space, so that the inversion process would be as follows: First of
all, we would introduce two projection operators

il

P =5 — Pﬁj 7 (4.380)

which project onto the one-dimensional subspace parallel to @ and onto the two-dimensional subspace per-
pendicular to 7, which can be seen as follows

Pim; = T = 7, (4.381)
PYn; = ((5” - Pﬁj) mi=a—nt=0. (4.382)

Furthermore, both operators are idempotent, orthogonal, and complete

. % k_J i . .
i kj _ T T T iy i kj _ (i i kj ki) _ sij ij _ pij
PP’ == = == =P PrlPl= (5k—7’k,n> (5]‘7’u )—‘“‘Pn =P,
(4.383)
7 ki _ pi kj ki\ _ pij g
Pl PY =Pl (3% = Pf7) =P — P =0, (4.384)
Py + P! =49 (4.385)

ij
With these properties, it is, in principle, possible to rewrite the g, operator (ﬁ’f’;"ﬁ) (z,y) in the following

form .
v Y v L] v L]
(022)" (@.y) = D2 (2, 9) P + DL (2, )PY (4.386)

where the coefficients D;VH (z,y), DL (x,y) define differential operators that also contain 7-fields. These
differential operators are, of course, scalar objects in isospin space and tensorial objects in space-time. Using
Eq. (4.386) and the various properties of the projection operators (4.379) and (4.380), the inverse operator
is given by
ij g g
(ﬁ;‘{’;’l) (z,y) = DL (2, )Pl + DL (2, )P (4.387)

||

s

Now, since the differential operators Dﬂw“ (x,y) and DL, (x,y) are, in general, not diagonal objects in space-
time, we have to repeat this inversion procedure in space-time. This means that we have to transform
the differential operators to momentum space and introduce two projection operators which project onto
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the one-dimensional subspace parallel to k* and onto the three-dimensional subspace perpendicular to the
four-momentum k*. These operators have a similar structure as those that we introduced in isospin space

,  KkPEY
P =g — Pﬁ“’ . (4.389)
It is easy to see that these operators are also idempotent, orthogonal and complete
kuk}\ k kY kHEY N n Av Av Av v %z N
PP =T = =P PPl = (AP (0 ) = e - P =P
(4.390)
Iz Av _ pH KV _ DMV _ DKV _ DKV _
Ph Py =Ph (9 - P) =PI =P =0, (4.391)
Pﬁ“/ +leil/ _ g/,l,l/ . (4392)
Similar to Eq. (4.386), it is then possible to decompose DL" i (z,y) and D" (z,y) according to
DL | (k) = Dz (k)P + Dz 1 (k)PL” (4.393)

where 23,?7|‘(k) and Dz | (k) define Lorentz-scalar coefficients, that depend on the four-momentum k*. So,
in principle, the procedure in order to invert the pj, operator is quite clear. The problems now derive from
the terms (e) and (f), since the space-time derivatives that act on the 7-fields prevent us from rewriting
the operator into the form (4.386). To be particular, by using integrations by parts, it was, up to now, not
possible to isolate a structure that is proportional 7im?, so that it is possible to introduce the projection
operators. Therefore, the upcoming calculation will be based on the assumption that the terms (b)-(f) will
not have a tree-level contribution to four-pion interaction terms, so that the operator which corresponds
to the g, -fields will be made of terms from (a). This assumption seems to be quite radical, but in the
previous calculations and also in the case of the oy-field, it was shown that the additional terms which are
proportional to 7-fields inside the operator do not correspond to tree-level four-pion interactions, since we
terminated the expansion after the m = 0 term, compare Eqgs. (4.286) and (4.365). With these assumptions
the functional integral (4.372) simplifies significantly

S 1 -
/%u z exp{ /d4 {— (0"p" — 9" p") - (aupu—aypu)+2m*ﬁi—%p(3up ) (8up")

(0~ o) G0 Z? 122 - (0 % ) + 02 0°5°) - [(0,7) x (0,7 }
/ Dpu(x exp{ / d'z {;pw- [(O+m2) g" — (1= £50"0")] 6 pu,;
(6 = ha) wwz? = 1 2%) 1 (0,7 x ) = g 210" [0,7) x 0,7}
— [ en{i [ata {Spni- 1O+ m2) o - (1 040)] 47
(0 = ha) 607" = 0122 4 g2 2] s (047 X 7Y = 20?2, (0°0°7) x 0,7 |}
= [2u0) e [ateaty i) o @it 41 [ ate Tt o)t} (4:394)

where we integrated the third term in the second line by parts and made use of Eq. (4.373). In the third
line, we applied the product rule and used the free Klein-Gordon equation (4.359) of the 7-fields. Finally,
in the last line, we introduced the operator

0" (z,y) =i [(0z +m2) " — (1 — £5)000] 6W (x — y) (4.395)

and the "source”

[(97 = hs) onwZ? = 1 2% + gow? Z°mZ] [(0"7 (x)) x ®(x)] — g2w? Z° [(9"0" 7 (x)) x 0,7 ()]
015 [(0"7(x)) x 7(2)] — 0.5 [(040"7(2)) x 0,7 (x)] (4.396)
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where we defined the coefficients

crp= (91 — h3) dNWZ? — 1 Z° + gow® Z%mZ (4.397)

c1;= gpw?Z? (4.398)
which have dimension [1] and [Energy ?]. From Eq. (4.373) it was already clear that the operator (4.395)
has to be diagonal in space-time. This fact will simplify the following calculation. But before we need
to invert the operator (4.395), we have to evaluate the functional integral (4.394). To this end, we have
to perform the analytic continuation to Euclidean space-time by using Egs. (4.18), (4.20), and (4.21). In
contrast to the previous calculations, we now have to deal with vectorial and tensorial structures that have

to be transformed to Euclidean space-time. We start with the scalar product of the source (4.396) and the
Py vector

T (@) Pu(@) = Jpa(@) o) = Tz (@) - i)
= iJ3z.p(@p) 0.6 (xp) = iz p (@) - Fip(vn)

= _Jpjﬁ p(@e) Pue(Te) (4.399)

where we defined the Euclidean four-vectors

(T,

with Jﬁﬁ p= Jqﬁ, P = pt. It should be noted that the i-indices in Egs. (4.399) and (4.400) denote spatial

directions in R3 and not the components in isospin space as in Eq. (4.394). Now, we also have to transform
the bilinear form in Eq. (4.394)

P ) @W(x,y) L ()
)i [(Oa +m2) g — (1= &)0807] 6 (2 — ) (y)
i [(Oe +m2) g% — (1= £)0209] 6% (x — y)po(y) — polx) - i [—(1 — £5)020%] 6D (2 — y)Fi(y)
—ﬁi(x)'l[—(1—55)8;82]5(4)(35—31)50@)4‘51‘(30)'i[(Dw‘i‘m%)gij—(1—55)8;8%]5(4)( v)7;()
=ipo.p(zE) i [(~Oup +m2) gi — (1 — £5)id0 3idl 5] 16 (xp — yp)ifo(yE)
—ifo.p(zE) i [—(1 — &5)id2 505 5] z'6<4>(a:E—yE>p7E<yE>—ﬁiE@E)- [—(1 = &5)05, 502 ] i6™ (xp — yE)ifo.E(y)

5) @p) = (DBanee) Tenpen) . () @r) = (B(ee). Aaler)” . (4.400)

bl‘g

+ up(wn) i [(~Oaip +m3) (~V)gll — (1 = £2)0% 50, | 89 (wp — y6) 8 (uE)
= Fu(ee) - [(~Oop+m2) g + (1= )00 0% p| 09 (@ = ye)fr(wr)
= .5 > oL o (@ yp)ne(ar) (4.401)

where we made use of g°° = g% = 0, the Euclidean 4-gradient 0% = (-, V)T, and introduced the Euclidean
metric
g =diag(1,1,1,1) . (4.402)

Inserting the above results into the functional integral (4.394), we find

I;(7] = /@ﬁu,E(l'E) eXP{—; /d433Ed4yE Pu.e(TE) [( Oe,p +m2) gty + (1 — £7)0% 50y } W (zg — yp)pup(zE)

+/d4f”E [_jgﬁ,E(xE)} 'ﬁu,E(xE)}
/QPuE TE) eXP{l/d epdyp pue(e) - 0% E(xE,yE)ﬁu,E($E)+/d4xE [ f,ifﬁ (x )} 'ﬁu,E(xE)}

y 1/2
j 1 . >
=Nz {det (ﬁgﬁ- E) (wayE)} eXP{2 /d4$Ed4yE Jozue(TE) - ﬁ},fﬁ ]%(anyE) 57 (yE)}
(4.403)

with the Euclidean operator defined in Eq. (4.401). Before we perform the analytic contmuatlon back to
Minkowski space-time, we want to derive the explicit expression of the inverse operator ﬁ oyl (x 5,yE). To
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this end, we begin with the determination of the Fourier transform of the operator in Eq. (4.401), i.e

(D m3) g + (1= )00 0% ] 69w — )
= v d4kE —ikg(T*E—YE)
_[( DxE-I-m)gE (1 §p)3 0y }/(27046
4 ~ .
= / ?27]:)2 e ) (4.404)
where
0% w(kp) = (ki +m3) g’ — (1 - &) Kkl . (4.405)

Now, in order to invert this momentum-space operator, we introduce the Euclidean versions of the projection
operators (4.388) and (4.389)

Kk,
Pay = Zg E, (4.406)
P = g% =P - (4.407)
and rewrite the operator (4.405) as follows
ﬁ,uy 2 2 iz ku kE
57, plke) = (ki + mﬁ) —kp(1-&)=£

= (k% +m} %) PeL (k:Efﬁ—&—mﬁ) Pg,”H

= DE,H (kE)PH + DE,J_(kE)'PTI ) (4.408)

where we defined the scalar coefficients ﬁE’H(kE) and ﬁEJ_(kE) At this point we are also able to check an
important property of the operator (4.405), which has to be fulfilled in order to guarantee that the integral
(4.403) really exists. To be particular, the operator has to be non-singular. This property is easily verified
for the previous calculations, since the eigenvalues of the Klein-Gordon operators are always different from
zero, so that the determinant is different from zero. In order to check this property for Eq. (4.408), we
rewrite the determinant of the momentum-space operator as follows

det6"”. (k) = exp{ln et (k)| }

Tr hl DE I kE)P + 'ZSE,i(kE'),PﬁV} }

In DEL kE)gAE) +n|g

o
ot o
-

e’} j [ele} N ]{1 J j
= exp Z DE,L(ICE) — 1) Trg’f\E - Z % (1 - ggl((ki))> Tr (732{’”) }
= exp{ In (D} n | 2B (ks)
=e P{l (DEL(kE)) +1 (DE J_(kE)> }
=D}, 1 (kp)Dr(kp) , (4.409)

which is obviously unequal to zero in the case of the usual gauges (Feynman gauge: £z = 1, unitary gauge:
£7 = 0). But before we discuss the influences of the choice of the gauge parameter, we have to comment
on the above calculation. In the third line of Eq. (4.409), we factorized the operator and used that the
coefficient @E, 1 (kg) is different from zero. Then, we used the series expansion of the matrix logarithm

In(zl,xn) = (x =11 pun , In(1,xn — — (4.410)
and pulled the trace inside the series. Due to the idempotence of P}’ (L the second trace in the last line is
given by

kyks i

J
Tr (ng\l) = Trpglyfu = pAAﬂ” = =1. (4.411)

K
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Now, the inverse operator is clearly given by

0457 (k) = Dyl (ke) P + Dy, (k)P

o, E
_ 1 ( o _ k‘;;k%;) 1 kpkp
kp +m2 P kg kpés+m2 kg
HV 1—¢&-
= JE & kLkY (4.412)

) 2
Ko tms (kg +m3) (kg +m3)
The position-space equivalent of the above inverse operator is then given by

95 1-¢5

ﬁ&lﬁfl(xE,yE) = 7
_Dm,E + mﬁ (7D1,E5ﬁ' + m%) <7Dm,E + m%)

P, E

ok gl | 0 W (@g —yp) . (4413)

which is of course a non-local result. For the following discussion, we will choose Feynman gauge {57 = 1,
since this choice will simplify the above operator significantly. But, in the end of this subsection, we will
show that it is not relevant for our purposes, if we choose Feynman or unitary gauge. In Feynman gauge,
the Euclidean functional integral (4.403) is given by

.. 1/2 nz
. L\ 1 . .
T[T :Nﬁ[det (ﬁg,ﬁ,E) (thyE)} eXP{Q/d4$Ed4yE Jﬁ,ﬁ,u,E(xE)'_Dgcgjf%w)(w—yE)Jﬁ,ﬁ,u,E(yE)} :
’ P
(4.414)

In order to transform this functional integral back to Minkowski space-time, we have to perform the analytic
continuation of the bilinear form in the exponential. With similar calculation steps as in Eq. (4.401), we
obtain

g
- g 4 -
pAunE(TE) - #erifs( Nwr ~ye)J5ue(yE)
7 9% 4 7 7 9E 4 7
= Jp7.0,5(2E) 0,5 +m25( (25— yp) p70.8(WE) + J57i6(TE) O, g +m26( (25— yp) 7,7,0,8(YE)
T, ki x, o
7 g%j 4 7 7 gg 4 7
+Jpr08(TE) —5 E+m%5( Nwp —ye)Jsz56We) + Jszi6(Te) S E+m%5( Nwp —yu)Jsm;6E)
~ g% " . . —g' “ -
= () Tr0(@) - 5z (<00 @ = (=) Trr00) + Tpra@) - 5z (<00 @ = ) Ty )
- gtv >
= J7u(T) '3 +m%5(4)($*y) 770 (Y) (4.415)
Expanding the inverse operator
mz 0 -t
g (O, +m2) " =L (1 + 2)
ma °,
p P
9§y (Dm>
= O —= (4.416)
7 > 5|
mﬁ n=0 mﬁ
the Minkowski version of the functional integral (4.414) can be written as
i -1/2 . y 00 n
— v K ? T g,u Dac 7
I5(7] = N [det (ﬁg,ﬁ,E) (x,y)} eXP{—Q /d4$d4y Jozu(@) - ‘mZ (=" <m%> s (z—y) ﬁ,ﬁ,u(y)}
P n=0 P

i 1/2 .
=N {det (ﬁgl;?};> ! (aj,y)} exp{—; /d4x [c1,7(0,) T X T — 2,5 (0,0°T) X OuT]

M Dx n B B ) )
: fn% (- <2> [cl’ﬁ (0,7) X T —cop (6V8B7r) X 8[377}}
P n=0
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n= v 1‘7 _1/2 1 Dm
=1 Nﬁ[det (ﬁ;;m) (x,y)] expd —i / d's oy {Ciﬁ[(aﬂﬁ) <@ (1= = ) (0"7) x 7
P

(@)

— ¢1,5C2,7[(0,7) X 7T - (1 — D‘;) (8“857?) X 0T — €1,5C2,5 [(0,09T) X OaT] - (1 — Dg;) (or7) x 7
(b) (¢)
2 fe =1 — Dw L B =
+¢5 5[(0,0°7) x Opr] - | 1 — 2 ((9 0 7T) x Og , (4.417)
7

(d)

where we terminated the expansion after the n = 1 term, in order to obtain four pion-interaction terms with
a maximum number of four space-time derivatives. In the following, we have to rewrite the terms (a)-(d).

The first term becomes

ciﬁ/d‘*x (0,7) x 7 - (1 _ 52> (@7) x 2= 5 [ Az L [(0,7) x 7 - % [(9,7) x 7] - O (9"%) x ﬁ}
P P

+ (0,7) (0u7)” — [(0u7) - 0ﬁ]2] } : (4.418)

where we integrated the second term by parts and used the product rule. Furthermore, several times we
made use of Eq. (4.193). The same vector identity can be used in order to rewrite (b) and (c). We find

0175027,7/d4x [(0,7) x 7] - (1 - S;) (0"9°7) x 07t = cl7ﬁcz7ﬁ/d4x [(0,7) x 7] - [(0"0°%) x Dp7] + O(0°)
7

= Cl,ﬁcz,ﬁ/d4$ {(8,7) - (3“857?) 70T
— [(0#0°%) - 7] (0,7) - 0p7} (4.419)

and

m

S

clﬁczﬁ/d‘lx [(0,0°T) X 0aT) - ( - Dgﬂ) (oM7) x T = 01750275/(1427 [(0M0°F) x a7 - [(0,7) x 7] + O(0°)

= 15005 / d*z {(0,0°7) - (9"7) (0a7) - 7
= (0a7) - (0"7) (0,0°%) - (T)} (4.420)

where we neglected terms that contain six or more space-time derivatives. Finally, for the same reason, we
also neglect all terms of (d). Then, the functional integral is given by

N ~1/2 2 ¢
I;7) = N3 {det (ﬁg)ﬁ,E> (aj,y)} exp{—i/d%c {2717’;% [(8u7_1")2 72— (% 8u7?)2} + 217”1 {(auayﬁy 72— (7-0,0,7)°
12

+(0,7)% (0,7) — [(0,7) -ayﬁﬂ — LB (9, 7) - (DHDVR) 7 - D7 — (0MOVR) - 7 (D, ) 6ﬁ]}
m

.

. —1/2 2 2 4 2 2
v\ e [ CAME ez no2 (395 BeseamiE) Lo -
=N; {det (@?ﬁ,E) (x,y)} exp{—z/d x {( o? " (7)" - 52 m% (7 0,7

2 . ~Co = - 5C2 5
- (m + ,,> (0u7)° (0,7)° = (m + ”) [(0,7) - M]}} : (4.421)
P
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where we integrated the first line by parts for several times. Before we combine this result with Eq. (4.371)
and Eqgs. (4.349)-(4.353) in order to find the tree-level effective action of the eLSM, we want to show that
we would obtain the same solution (4.421), if we had used unitary gauge {7 = 0. To this end, we go back
to Eq. (4.417). In unitary gauge and after performing the analytic continuation to Minkowski space, the
functional integral would be given by

p

RN —1/2 i -
I;[7] = N5 {det (ﬁgﬁ,E> (x,y)} exp{2 /d4xd4y Jz7u() -

_ 1 —
() o sy (O ) ot

x 6z —y) :T,ﬁ,u(y)}
i —1/2 ;
=Ny {det (ﬁg’;E> (m,y)} exp{—2 /d4x [c1,5 (0uT) X T — €25 (0,0%T) X 0a7]

: lgus (=" (DE> + % > (= (D”‘> a;;a;] [c1,5 (8, 7) X T — 2,7 (0,0°7) x aﬁﬁ]}

2 2
Ms n=o ms M5 o m
- - —1/2
=1, 1] 1 D@ = —
m=0 Nﬁ[det (ﬁ,‘;‘;’?ﬂ) (a:,y)} exp{—i / d'z 5 — {c?,,s[(aﬁ) x 7 - (1 ) > (O"7) x 7
p p
(a)
N mp 108~ . an . Uz L o =
= c1,502,5[(0u7) X A - | 1= —5 | (9"07F) X O — e1,52,5[(0,0°F) X Du] - | 1 = —5 | (0"7) x 7
P P

(b) (¢)

o . O, . . 1
+ C%,ﬁ[(aua 77) X (9a7T] : (1 - T)’L2> (8”8‘%) X 8577} —+ o

{ci S[0,7) x @ - 9ro* (9,7) x 7
(e)

ST

p

(d)

— ¢1,5C2,7[(0,7) x 7] - O*O” [(8,,837?) X 07| — 1,502,5[(0,0°F) X Do 7] - O*O” [(O,7) x 7
€] (9)

+ 63 5 1(0,0°R) x 0a7] - 010" [(8,0°%) x 957] }} , (4.422)
(h)

where we introduced the inverse operator

—1 —1
(0o +m2) " g™ + —5 (O, +m2) " 9roy = % (1 + Ef’) b (1 + D§> onoy

2 2 4
" P P Mz M
0 n o) m
gl“/ Z n Uy 1 m U oo
=3 (=1) < 2) +— Z(_l) 2 970
Mz 7o ms M5 =0 m
(4.423)

in the second line of Eq. (4.422) and expanded this operator only up to n = 1, m = 0. Obviously, the
non-diagonal part of the operator gives four new contributions to the four-pion interaction terms. But since
the terms (f)-(h) contain six space-time derivatives, we are able to neglect them directly. Finally, we are
only left with (e) which can be shown to vanish identically

&2 / Al [(0,7) x 7] - 040 [(9,7) x 7] = & 5 / A [(8,7) x 7] - 9" [(OF) x 7 + (9,7) x 7]
— 3 / e [(0,7) x 7] 0" [-m3 (7 x ) + (8,7) x (0"7)]
=0, (4.424)
where we used (4.359) and the antisymmetry of the vector product. Now, since all four contributions (e)-(h)

are ether negligible or equal to zero, we are left with the same final result (4.421) as in the case of Feynman
gauge. Finally, we have to combine all results of this subsection in order to obtain a solution for the transition
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amplitude (4.347). We find
(.ol =o0) =7 [ 7a(a) exp i [ ate Ze b 1oy BRI 8V, Lo R 71T

~1/2 - ~1/2 ~1/2
= eff/@ﬁ(x) [detﬁw’ (z, y)} {detﬁg)ﬁ(m,y)} [detﬁfu‘; =(, y)]

—1/2 i —1/2 ~1/2 i —-1/2
< lanapy, o] e (08) @] |aetonaten)| et (02)” @]
x exp {iS\ishnrs [7]} (4.425)
where the tree-level effective action of the eLSM is given by
n m — 1 _. -9\ 2 N R R
SéLszl\/f ef;‘) /d4 { ) §m3?772 + Crensm (%) + Coersn (9,7 - )2+ C3ersM (8,m)2 (8,7)*
+Crersu [(0,7) - 0,77} (4.426)
where the LECs of the eLSM are given by
z4 A i, 4m on C2.0n 2m2
CreLsm = — {(h1+h2+h3)w2m <A1+ 2)] + (1— TZ ) + 2 N022 AL, <1+ n;”)
4 2 2mg mg . ms. ms.
c? mZ = 4
i CLpCe My (4.427)
ms ms
1 2¢2 - Am2 2¢1 & o 2m2 3c15 3¢z A
CQ,eLSM P (g% —hy—hy — 2h3) w2Z4 + 1;1 N <1 + TZT&') _ C1, 1\;02, N (1 + TZ#) + cl,é) _ 6170022,5’”1
2 o mg, o mg, Qmﬁ ms
(4.428)
g3 94 95 96\ 4,4 Cho 201,05 C2,0 2cf, Ay ey
Cersm = (-2 + 2+ 2+ DYzt 4 2oy  Lonthow | “low W AFRT (4.429)
4 4 4 2 2mg . mg Mg my ms
e
CueLsy = %w‘*z‘* 2+ et YA (4.430)
My 2

Before we determine the numerical values for the above LECs in the upcoming subsection, we recognize that
the presence of vector- and axial-vector mesons in the eLSM Lagrangian influences the structure of the LECs
in a positive way. On the one hand, the contribution of the oy-field is modified by new terms which arise
from the covariant derivative. On the other hand, the presence of the g, -field gives rise to new interaction
vertices which were not present in the previous calculations. These new vertices result in a nonzero value of
C4,ersMm, so that we now have nonzero values for all LECs. Finally, we want to check, if the (72)? interaction
term vanishes in the chiral limit as it should be. To this end, we consider the limit Ay o — 0, so that the
tree-level pion mass (4.260) vanishes, since

mz = [—cl (/\1 + >¢N} 7? = }“;022 . (4.431)
N

In this limit, the tree-level mass of the oy-field is given by Eq. (4.296). Then, using the definition (4.360)
and taking the chiral limit, we find

om2 . 4

ON

2
) eRzt 1 </\1+ AQ) 74

i, 1 A
CierLsm = LoN <)\1 + 2> z4

1ty 472
=0, (4.432)

which beautifully demonstrates that all non-derivatively coupled interaction vertices vanish in the case of an
exact chiral symmetric Lagrangian.
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4.3.6 Numerical Input and Results

Now we want to determine the numerical values for the coupling constants of ChPT, (3.236)-(3.239), as well
as those of the different versions of the eLSM, Eqgs. (4.290)-(4.293), (4.322)-(4.325), and (4.427)-(4.430).
To this end, we want to start with those of Chiral Perturbation Theory. Obviously, the first coupling
constant (3.236) depends on the mass parameter defined by Eq. (3.225). At tree-level and NLO in the chiral
expansion, the physical pion mass and this mass parameter are connected through Eq. (3.235). This relation
yields a quartic equation that we can use to determine the mass parameter (3.225). To this end, we first of
all need a numerical value for the pion mass. Since we worked in the isospin symmetric limit and neglected
electromagnetic interactions, we take an isospin-averaged value for the pion mass

M, = (138 £ 6.9) MeV . (4.433)

This numerical values is taken from Ref. [PKWGR]. Furthermore, we need the numerical values of the first
three LECs of two-flavor Chiral Perturbation Theory. These parameters can be obtained from Ref. [BiEc].
The first two LECs ¢; and /5 are obtained from n7 scattering lengths

0 = (—4.051 £0.642) - 1072 | £y = (1.81940.299) - 1073 . (4.434)

The third LEC is obtained from an analysis of the dependence of the pion mass on the mass parameters of
ChPT
l3 = (0.852 +3.803) - 1072 . (4.435)

Note that the LECs (4.434) and (4.435) have to be determined from the subtraction scale idependent ones,
cf. Ref. [BiEc]. It should be mentioned that the LECs from Ref. [BiEc| are not tree-level values. These
values are obtained through a two-loop analysis of ChPT, see Ref. [BiEc] and refs. therein for more details.
Now, using (4.433) and (4.435), the quartic equation (4.225) can be solved, in order to obtain

M = (137.738 + 6.958) MeV . (4.436)

The error has been calculated by using the usual Gaussian error law. Now, the LECs (3.236)-(3.239) are
also functions of the pion decay constant f;. The numerical value of this constant is also taken from Ref.
[PKWGR]

Fr=(92.2+4.6) MeV . (4.437)

Finally, using (4.434)-(4.437), the coupling constants of the four pion interaction terms can be calculated as

Ciypr = —0.279+1.941 (4.438)
Cypr = (5.882 4 0.587)107° MeV ™2 | (4.439)
Cspr = (—5.606 + 1.429) - 107! MeV™* | (4.440)
Cynpr = (2.51740.651)107 MeV—* . (4.441)

Now we also have to calculate the LECs of the different versions of the eLSM. In the Secs. [4.3.3] and [4.3.4]
it was shown, that both versions of the model lead to the same low-energy couplings. The reason for this
to happen was simply given by the fact that the relevant oy interactions with the 7-fields remain the same
in both cases. It was shown that there are only three non-vanishing LECs which are given by Eqs. (4.290),
(4.291), and (4.292). These constants, of course, depend on the parameters of the eLSM. The numerical
values which have been used in order to calculate the LECs of the eLSM are taken from the three-flavor
fit of the model, which was presented in Ref. [PKWGR]. These values have been determined by studying
the decay widths of the different mesons included in the eLSM. For more details on this calculation and on
the fit procedure see Ref. [PKWGR]. For the sake of clarity, we want to quote all numerical values which
have been used to calculate the LECs. First of all, the LECs (4.290)-(4.293) and (4.427)-(4.430) have a
dependence on four masses, the pion mass, the mass of the oy-field as well as the masses of the d; ,- and
the p,-fields. While we use the isospin-averaged values (4.433) for the pion mass, the mass of the o has
been determined in a large-N¢ limit fit in Ref. [PKWGR]

Mey = 1362.7 MeV . (4.442)

Also the masses of the vector and the axial-vector isotriplets have been taken from the fit results of Ref.
[PKWGR]
ma, = (1186 £ 6) MeV | mp = (783.1£7) MeV . (4.443)
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Furthermore, the different LECs depend on all coupling parameters of the eLSM, which have been introduced
in Sec. [4.2.2]. In the following, we also consider the large-N¢ scenario, so that

)\1 = h1 =05 = g = 0. (4444)
In addition to that, we also set
93=94=0, (4.445)

since these values could not be determined by the analysis of the decay widths in Ref. [PKWGR]. The
remaining parameters of the model are

N, 91,92, h2, hs and A . (4.446)
From the three-flavor fit procedure one obtains

g1 = 5.843 £ 0.018 , (
go = 3.025 £ 0.233 (
hy = 9.88 + 0.663 , (
hs = 4.867 £ 0.086 , (4.450
Ao = 68.297 £ 0.044 (

(

for the coupling parameters. The vacuum expectation values of the oy-field is given by
on = (164.6 +£0.1) MeV . (4.453)

At this point, it should be taken into account that this vacuum expectation value and the pion decay constant
are connected via

ON=Z[r . (4.454)

The relation can obtained from the axial current, compare Ref. [Par2]. Now, since we have all numerical
values which are needed in order to determine the LECs of the different versions of the eLSM, we start with
those of the O(4)- and the U(2)1, x U(2)g-case without vector/axial-vector degrees of freedom. In this case
we have

w=0, Z =1 = on = fr . (4.455)

Then, the LECs (4.290)-(4.293) or (4.322)-(4.325) are given by

Cr,04) = C1,5U(2), xSU(@2)r = —5-869 +0.226 , (4.456)

02_’0(4) = C2VSU(2)L><SU(2)R = (5.985 + 27.533) .1076 MeV 2 , (4.457)

C3,0(4) = C3,50(2), xsU(2)r = (3.096 £ 0.309)107"* MeV~* (4.458)

Cr04) = Cu502),xsU@2)r =0 - (4.459)
Now we come to the results of the full eLSM. In this case, the parameters w and Z are given by

w = (683.784 £ 7.231)107° MeV ™! | Z =1.709+0.181 . (4.460)

Then, during the calculation of Sec. [4.3.5], we introduced four constants which are defined by Eqs. (4.360),
(4.361), (4.397), and (4.398). These coefficients are, of course, also functions of the model parameters. With
the above numerical input, these constants can be determined as

c1on = (—16187.2 4 3425.5) MeV | (4.461)
caon = (—0.015 4+ 0.003) MeV~ ! | (4.462)
c1,5;= —7.361 £ 1.561 , (4.463)
oy = (41.316 £9.342) - 107" MeV > . (4.464)

The reason why the first constant (4.461) has such a large absolute value is simply given by the fact that
this constant does not involve powers of w, which are present in all other constants. Due to the very small
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value of this shift parameter, all other constants (4.462)-(4.464) are strongly suppressed in comparison to
Eq. (4.461). Now, with these values, the LECs of the eLSM are given by
Ch.ensn = —0.345 + 69.093 , (4.465)
Cy.ersm = (5.385+8.20) - 107° MeV ™2 | (4.466)
Cs.ersm = (—9.303 4+ 5.114) - 1071 MeV™* | (4.467)
Cuersy = (9.449 +5.078) - 1071 MeV 2 . (4.468)

A discussion of this work as well as the numerical results can be found in the last Chapter [5].
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Chapter 5

Discussion

The aim of this work was the determination of the low-energy constants of the eLSM at tree-level. To this
end, we started in Chapter [2] with a brief introduction of the mathematical and physical basics that are
essential for the understanding of this work. An important step towards the understanding of the low-energy
regime of strong interactions was the development of Chiral Perturbation Theory. This framework is based
on a systematic analysis of the hadronic n-point functions. Using the methods of the Effective Field The-
ory, it is then possible to construct the most general chiral Lagrangian which describes the interaction of
the pseudo-Nambu-Goldstone bosons of spontaneous chiral symmetry breaking. The importance of Chiral
Perturbation Theory for our approach then derives from the fact that the low-energy landscape of strong
interactions is dominated by the interactions of these pseudo-Nambu-Goldstone bosons among themselves.
Therefore, this approach yields a good possibility to compare our values of the low-energy constants to the
physical ones. For more details on Chiral Perturbation Theory see Chapter [3].

Then, in Chapter [4], we introduced the mesonic part of the eLSM in detail and considered three different
versions of the model. In the first two versions of the model, we only considered the interaction of scalar
and pseudoscalar mesons and set all vector and axial-vector degrees of freedom to zero. In our calculation,
it was shown that both versions of the model lead to the same low-energy couplings. Table [5.1] summarizes
the numerical values of these LECs in comparison to the results of two-flavor ChPT. It is obvious that it

y LEC \ (Ny =2)-xPT | O(4)-model/U(2), x U(2)g-model |
Chi —0.279 £ 1.941 —5.869 % 0.266
Cyi MeV 2] | (5.882+0.587)-107° (5.985 + 27.533) - 1076
Cs; MeV 1 | (—5.606 & 1.429) - 10~ 11 (3.096 £ 0.309) - 10~ 12
Cyi MeV 1 | (2,517 +0.651) - 10~ 0

Table 5.1: Comparison of the low-energy couplings of two-flavor ChPT and the O(4)- and U(2)1 x U(2)g-version of the
eLSM.

is not sufficient, if we only incorporate scalar and pseudoscalar mesons in the eLSM in order to describe
the low-energy regime of strong interactions. We observe that in these versions of the model, three possible
interaction structures of the 7-fields are not present at tree-level. This derives from the fact that the relevant
interaction terms that contribute to four-pion interactions are only given by ony77 couplings. Obviously,
these structures are not sufficient to generate all possible chirally symmetric four-pion interactions. In the
O(4) case of the eLSM, these LECs may only be improved at one-loop order by contributions of the o y-field.
In the second case where we included all scalar and pseudoscalar degrees of freedom, also the ny- and the
ap-fields will contribute at one-loop order, so that this version of the model seems to be a bit more promising
than the O(4) model. But, due to Tab. [5.1], it is obvious that, at tree-level, both approaches are not able
to describe the low-energy end of the QCD spectrum.

In the third calculation, we considered the full mesonic part of the eLSM. Table [5.2] illustrates a com-
parison of the tree-level LECs of the full mesonic eLSM and two-flavor Chiral Perturbation Theory. When
we consider the numerical values of the low-energy couplings of the eLSM, we observe that now all possible
chirally symmetric interaction structures are present in the low-energy effective action (4.426). It is quite
obvious that, in comparison to the previous cases the additional term structures have their origin in the
interactions between scalar/pseudoscalar mesons and vector/axial-vector mesons. To be particular, it turns
out that the presence of the vector/axial-vector mesons improves the structures of the low-energy effective
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[ LEC | (N; = 2)-xPT [ eLSM
Cr.i —0.279 + 1.941 —0.345 £ 69.093
Cai [MeV™2] | (5.8824£0.587) - 107 (5.385 £8.20) - 107

Cs; [MeV ] | (—5.606 + 1.429) - 10T | (—9.303 £ 5.114) - 10~
Cyi [MeVT | (2.517£0.651) - 10~1T | (9.449 +5.078) - 10~

Table 5.2: Comparison of the low-energy couplings of two-flavor ChPT and the eLSM.

action of the eLSM. This follows from the fact that, on the one hand, the covariant derivative introduces new
couplings of the oy-field to the pions. On the other hand, the presence of the pj,-fields which also couple to
the pion introduces new tree-level contributions to four-pion interactions. Furthermore, the necessary shifts
of the axial-vector fields give rise to derivatively coupled four-pion interactions that were not present in the
previous cases of the eL.SM.

When we consider the values of the eLSM, we observe that the LECs fit very well to those of two-flavor
Chiral Perturbation Theory. Within the error tolerances the first three constants fit very well to those of
ChPT. The last low-energy coupling differs by a factor of two. The small deviations may have different rea-
sons. First of all, the interaction terms of two-flavor Chiral Perturbation Theory are not reparametrization-
invariant with respect to the parametrization of the coset space. This means that a different coset rep-
resentative leads to different interaction structures and therefore to different C;,pr. But, in principle, it
is not expected that another parametrization of the coset space will influence the values of the low-energy
couplings in a strong way, since the inverse powers of the pion decay constant should dominate the respective
expressions. Another and more important reason is that we only consider the LECs at tree-level. In the
case of the eLSM five mesons do not contribute at tree-level, but only at one-loop order. These contribu-
tions will, of course, influence the numerical values of the LECs and may improve them. Furthermore, the
input data of the eLSM parameters may be improved, since the values used are obtained from a fit of the
three-flavor version of the eLSM. In addition to that, nonzero values of the coupling constants g3 and g4
may also improve the values of the LECs. Therefore, we finally conclude that the eL.SM is able to reproduce
the relevant interaction structures of the pion. This tree-level analysis illustrates that the eLSM describes
the low-energy regime of QCD very well, but, in order to improve the values of the respective low-energy
couplings, our analysis has to be extended to one-loop order.
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Chapter 6

Appendix

6.1 Pauli Matrices, Dirac Matrices, and Useful Relations

The first section of this appendix is dedicated to the so-called Pauli and Dirac matrices. To this end, we
summarize the most important identities and relations of these matrices, which are used throughout this
work. In addition to that, we will shortly describe the connection of the Pauli matrices to unitary and
orthogonal groups.

6.1.1 The Pauli Matrices

The three hermitian and unitary matrices

0 (D)

define the set of the so-called Pauli matrices. Together with

1 0
To = (0 1> = lax2, (6.2)

the set {7,] a =0,...,3} spans the full vector space of hermitian (2 x 2)-matrices, i.e., any hermitian (2 x 2)-
matrix M can be written as a linear combination of the following form

M = ¢, , (6.3)
with ¢, € R. It is quite obvious that the Pauli matrices are traceless
Tr(r;) =0 (6.4)

matrices with a determinant of
det (1) = -1, 1=1,2,3. (6.5)

Therefore, it follows that the eigenvalues of the Pauli matrices are +1. Furthermore, each Pauli matrix 7;
represents its own inverse, i.e., the Pauli matrices are involutory matrices. This property can be written as

77 =1laxa . (6.6)
The Pauli matrices also obey the following commutation and anticommutation relations
[1i,7j]_ = 2ient" (6.7)
[Ti,Tj]+ =20;1ax5 .

Another useful relation, involving the product of two Pauli matrices, can be derived by summing the above
commutation and anticommutation relations. We find

TiT) = ieijka -+ 5¢j]].2><2 . (69)
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Using the above relation (6.9) in combination with Eq. (6.4), we are able to evaluate the traces of products
of Pauli matrices

Tr (1i7j) = Tr (i€;j6m" + i 1ax2) = 265 , (6.10)
Tr (7y77) = Tr { [ieijn'l + (5ij]12X2] Tk} = i€ Tr (TlTk) = i€k , (6.11)
Tr (1;757e71) = Tr {[i€ijmT™ + 0ijLaxa] [i€kinT" + Opilaxa]} = —€ijmepnTr (77 7") 4+ 05501 Tr (L2x2)

= 2{6;0m — irdji + 0stdjx} , (6.12)

where we used the contraction identity eijkeklm = 0i10jm — 0im6j1 of two Levi-Civita tensors in the last step
of Eq. (6.12).

6.1.2 The Pauli Matrices and their Connection to Unitary and Orthogonal
Groups
The Pauli matrices are also related to unitary groups. More precisely, the set {r;| i = 1,2, 3} spans the Lie

algebra su(2) of the Lie group of unitary (2 x 2)-matrices with unit determinant SU(2). Therefore, using
the conventional normalization, the three generators of SU(2) are given by

Ti:7l7 7::172’3’ (613)
so that each element U € SU(2) can be written as
U=e T (6.14)

where the «; € R are the so-called group parameters of SU(2). If we also include Eq. (6.2) with the same
normalization as above,
Ty=2 (6.15)
2
the set {T,| a =0,...,3} defines the generators of the Lie group of unitary (2 x 2)—matrices U(2). Then,
each element U € U(2) can be written as

U=e i (6.16)

The complete set of U(2)-generators satisfies the following trace identities

| —

T {T°T°T°T°} = g (6.17)
Te {T°T°T'T7} = éaii , (6.18)
T {T°T'TIT ) = éeiﬂ"f : (6.19)
Te{T'TITFT'} = é [5976K — 5761t 5% 67F] (6.20)

where we used Eqgs. (6.10)-(6.12). Finally, it should also be noted that the Pauli matrices are connected to
the group of orthogonal (3 x 3)—matrices with unit determinant SO(3). This relation arises from the fact
that the Lie algebra su(2) of SU(2) is isomorphic to the Lie algebra s0(3) of SO(3). But it can be shown
that the groups itself are not isomorphic, since the kernel

{6969

of the group homomorphism ¢ : SU(2) — SO(3) is non-trivial, since two elements of SU(2) map onto the
identity of SO(3). This non-trivialty of K, has its origin in the different periodicities of the two Lie groups.
The exact relation of SU(2) and SO(3) can be obtained from the fact that the kernel K, forms a Z; normal
subgroup of SU(2), so that

SO(3) 2 SU(2)\Z, . (6.22)
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6.1.3 The Dirac Matrices

In the Dirac basis, the so-called - or Dirac-matrices are given by

(1 0 (laxa O
'70 - (0 1) ® ]12><2 - ( O ]]-2><2> I

0 1 0w\ .
Yi = (_1 O>®T’L_(_TZ O) ) 2_132737

where the 7; are the Pauli matrices (6.1) and ® denotes the so-called Kronecker product. These matrices
can be assembled into a 4-vector which is given by

(6.23)

T
v = (v0,71,72,73)" - (6.24)

A fifth Dirac matrix, denoted as -5, can be defined as the product of the other four Dirac matrices. In the
Dirac basis, one obtains

. : 0 1
75 = Y’y = (Jlm 20“> : (6.25)

From the definitions (6.19) and (6.20) it is obvious that the zeroth and the fifth Dirac matrices are hermitian,
while the remaining three matrices are anti-hermitian, i.e.,

7t =970 (6.26)
=" (6.27)
In addition to that, the Dirac matrices fulfill the following anticommutation relations
V7", = 29" Laxa (6.28)
[, 95], =0 (6.29)

Furthermore, it is possible to construct a second-rank Lorentz tensor with the six antisymmetric combinations
of the Dirac matrices (6.23)

o
2
Then, from the sixteen objects Lyx4, 75, 7", v*7v5, and o*”, which also have a distinct transformation be-
haviour under Lorentz transformations, it is possible to construct any (4 x 4)—matrix. Finally, it should be
noted that these objects fulfill various contraction and trace identities which will be omitted here, since they
do not play any role in this work.

o = Syt (6.30)

6.2 Multidimensional Gaussian Integrals

In Chapter [4], we frequently had to evaluate Gaussian functional integrals in order to determine the LECs
of various physical and unphysical models. The functional integral identities used are infinite-dimensional
generalizations of ordinary shifted Gaussian integrals. The aim of this section will be the derivation of these
integral identities. To this end, we start with the ordinary one-dimensional Gaussian integral and extend
this case up to an n-dimensional generalization of the Gaussian integral. The approach will be first to state
the final result and then to prove it by a straightforward calculation.

The one-dimensional Gaussian integral is given by

az? 2T

I= / dee 2 =4/ —, (6.31)

a

with @ € R > 0. The usual proof of this identity relies on the trick not to consider the integral I itself, but
the square I2. This ansatz allows the transformation to polar coordinates, so that

00 2m 00
I’ = /da:dy e~ (0" 7) = /dgp /dr re” T
—o0 0 0
2

2 2
T lage =" (6.32)
a a

0
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which proves Eq. (6.31). Now, it is possible to modify the exponential by a term which is linear in the
integration variable. The value of this shifted Gaussian integral is given by

ax? 2m g2
I= /dx e~ e = [ ea ) (6.33)

where a, J € R. We immediately observe that the result (6.33) reduces to Eq. (6.31), if we set the ”source”
J to zero. In order to prove this result, we simply complete the square in the exponential and rewrite Eq.
(6.33) in a way where we are able to use Eq. (6.31). We find

oo oo

I= /da: P aad /da: R e
— 00 — 00
[o ] o0
:e‘Lj /dxef%(zfgfze% /dfefg
— 00 — o0
- %”r (6.34)

Now, we extend our considerations to n dimensions. The n-dimensional generalization of Eq. (6.31) is given
by

[ (2r)"
n —1xT Ax m
I_/dxe o (6.35)
— 00

where x = (z1, Z2,. .. ,xn)T € R" and xTAx = aijxixj. It is obvious that this identity cannot be fulfilled
for all matrices A € R™*™. Therefore, we require A to be a non-singular, positive definite, and symmetric
matrix with eigenvalues A\;, 7 =1,...,n. These properties are closely connected and need some explanation:
It is obvious, that Eq. (6.35) is only well defined, if the determinant of A is different from zero. On the
one hand, this requirement is met by the fact, that A is non-singular, i.e. that its inverse A=! € R"X"
exists. The existence of an inverse will also be needed in the next case, where we consider the n-dimensional
generalization of Eq. (6.33). On the other hand, the positive definiteness of a symmetric matrix is equivalent
to the statement that all eigenvalues of the matrix are positive and therefore different from zero, such that the
invertibility of A is also satisfied. In order to prove Eq. (6.35), we exploit the fact that A is symmetric. This
property ensures the existence of an orthogonal matrix O € R"*", so that D = OAOT = diag (A1,..., \y).
We find

oo o0
= /dnx e BX Ax _ /dnx e—3x 070A0TOx
—0o0 —00
o0 n (o)
T Aj g2
— [weeteoe T [ag e e
J=1_"%

. 2 2m)"
_ E \/: 1 /d(et ()A) , (6.36)

where we introduced new variables & = O;;27 and used that the Jacobian |det (O)| of an orthogonal trans-
formation is one. Finally, it should be mentioned that the application of Eq. (6.31) in the last line is only
valid, since the eigenvalues of the matrix A are positive. As mentioned earlier, we also have to consider the
n-dimensional generalization of the shifted Gaussian integral (6.33). The desired integral identity is given
by

7 1, T T 27T)n 19T 54—1
I — dn —5X Ax+J" x — ( §J A™d 6 7
/ X e Jot (A (A)e , (6.37)
—oo

where J = (Ji,...,J,) € R and J'x = Jiz'. In analogy to the previous case (6.35), we require the
matrix A to be non-singular, positive definite, and symmetric. Again, the eigenvalues of A are given by
Aj, j =1,...,n. The idea of the proof of Eq. (6.37) is the same as in the one-dimensional case: We
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complete the square in the exponential and rewrite the integral in a way that we are able to use Eq. (6.35).
‘We obtain

oo o0
= / drx e— 3% Ax+ITx _ / drx e 3 (7 Ax—23Tx+ITAT1T)+ 53T AT
—0 —o00
oo o0
—e3dTAT / d"x efé(fo‘lJ)TA(fo‘lJ) —e3dTAT / ar¢ o387 AL
— o —00
n
= 2T paracs (6.38)

det (A) ’

where we used (A_l)T = A1 xTJ = JTx, and defined € = x — A~1J. The Jacobian of this coordinate
transformation is clearly the identity, since we simply shifted the initial integration variable by a constant.
Finally, we applied Eq. (6.31) in the last line.

In order to use Eq. (6.37) in the functional integral formulation of quantum field theory for spin-0 bosons,
we have to make further considerations. An important problem of the path integral approach to quantum
field theory concerns the convergence of the integrals. In particular, the strongly oscillating exponential in
the functional integral threatens the convergence of the integral. In order to resolve this problem, the usual
approach consists of a 7/2-rotation of the time-like component of the 4-vectors into the complex plane. This
so-called Wick rotation transforms the usual 4-vectors of Minkowski space-time into Euclidean 4-vectors
which will be indicated by the subscript . Replacing the n-dimensional ”spatial” vector x by the scalar
field ¢(zg) as well as xT Ax and J Tx by their continuous generalizations, the Gaussian functional integral
identity is given by

[ 7oter) exp{ =3 [atendye star)Atar,ue)otoe) + [ der oot
— N [detA(p, yp)] Y2 exp {; / Az pdys J(xE)Al(a:E,yE)J(yE)} . (6.39)

Since Eq. (6.39) should pass into Eq. (6.37) if we consider a discretized space-time, the operator A(zxg,yg)
should fulfill the same properties as the matrix A of Eq. (6.37). Therefore, we require the operator A(xg, yg)
to be nonsingular, positive definite, and symmetric. Finally, it should be mentioned that the functional
determinant det (A) in Eq. (6.39) may have a physical meaning in some cases. It is also possible to
generalize the presented formalism to complex-valued as well as Grassmann-valued Gaussian integrals. The
latter type of Gaussian integrals plays an important role in the functional integral description of fermionic
systems, since the Grassmann-valued fields realize the Fermi-Dirac statistics of fermions.
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