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Abstract

To understand the strong interactions in nature, the most efficient theory in agreeing with the
Standard Model is the Quantum Chromodynamics (QCD) that resumes the strong interactions
in a model of quarks and gluons. In the regimen of low energy, QCD has problems to describe the
phenomena because here the theory is no longer a quark theory, and they are confined inside
hadrons. To solve the above problem some different effective theories have been proposed,
two of the most relevant theories are Heavy Baryon Chiral Perturbation theory (HBChPT),
which works with a model of baryons and mesons instead of quarks, and the large-N, limit
for QCD, which considers a many colors and the expansion of any QCD operator in a spin-
flavor representation. In this work, an important operator of QCD, the baryon axial vector
current will be treated and computed the flavor singlet and octet contribution to its one-loop
renormalization in the combined formalism of HBChPT and the large N, limit.
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Introduction

Nature is ruled by four fundamental interactions: gravitational, electromagnetic, and strong, all
of them having a description as a physical field. The first one is described by general relativity
and its quantum character has two possible descriptions included in string theory and loop
quantum gravity, respectively. The other interactions are included in the Standard Model,
contains all the fundamental particles in three groups: leptons, quarks, and gauge bosons.
Leptons are spin 1/2 particles which do not experiment strong interactions, quarks are spin 1/2
particles which are the constituents of all the hadronic matter by strong interaction and gauge
bosons describe the fundamental interactions without gravity. The Standard Model does not
include gravity by the hierarchy problem [1][2].

The strong interaction sector of the Standard Model is explained by Quantum Chromody-
namics (QCD), which is a quantum field theory that describes the strong interactions between
quarks by gluons which are the gauge bosons of the theory. Also the theory assigns a color
charge as a property to each particle, analogous to the electric charge in Quantum Electrody-
inamics (QED) . QCD has been proved to be a very precise and predictive theory matching
with experiments, but it has two particular behaviors: confinement and asymptotic freedom,
which manifest at low energy and high energy respectively. The way QCD acts, in the opposite
way as QED, implies that it give us a free theory at high energies but a confined theory at low
energies i.e. the quarks are confined in hadrons, so the mathematical description of the theory
from the lagrangian in a quark representation will be involved [3][4].

Then, QCD have has different energetic sectors: The high energy sector, also called per-
turbative regimen, and the low energy sector that is the non-perturbative regime. The main
problem in the low energy sector is which, unlike QED, it does not have a perturbative pa-
rameter to renormalize the theory, that is to say, that the theory lacks a parameter to make
corrections by series expansions. For the above reasons some different frameworks to aboard
the theory at low energy have been developed in the past years, for example, lattice QCD which
considers the space-time as a lattice to work on it, the large N, limit which promotes QCD from
N, = 3 to an arbitrary large N,, where IV, is the number of colors. Another way to describe the
non-perturbative regimen is to consider effective field theories, where chiral perturbation theory
has played an important role. Particularly, Heavy baryon chiral perturbation theory (HBChPT)
which posses a Lagrangian totally in terms of baryons and mesons and obeys a chiral symmetry,
the symmetry of the massless Direc fermions. HBChPT uses the momentum as a perturbative
parameter, but the main goal of the theory is that it avoids the use of quark degrees of freedom,
so it works only with hadronic degrees of freedom [5][6][7].

In the last 20 years, the idea of constructing a more efficient theory mixing Heavy baryon
chiral perturbation theory and the large V. limit has been developed, to compute some baryon
properties have been computed, for example masses, the magnetic moments and baryon axial
vector couplings. In this work the complete one loop correction of the axial current in the
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mixed formalism of HBChPT and large N, will be presented [§].

The structure of the work will be as follows. Chapters 1 and 2, a brief introduction to the
framework of quantum field theory and quantum chromodynamics as well as some important
tool and concepts of the theory are presented. Chapters 3 and 4 make simple construction of
chiral perturbation theory and some aspects in large N. QCD to introduce later the combined
formalism. Finally, in Chapter 5 will be presented the results on the renormalization of the
baryon axial vector current.



Chapter 1

Quantum Field Theory

Quantum Field Theory (QFT) arises from the idea that the photons of each energy could be
treated as separate particles, then study the system as a multi-particle quantum system. This
idea comes from a paper by Paul Dirac from 1927, in that sense QFT was initiated because
Dirac introduced the idea of second quantization. In this chapter the main ideas about field
theory will be introduced, along with some quantization mechanisms and important tools and
related topics as a brief background for the discussion in the next chapters.

1.1 Quantization

In quantum mechanics, the position and momentum operators are the most commonly operators
that work in an abstract Hilbert space and they have a well-known commutation relation but in
general, it is not necessary to choose a particular representation. To construct the most general
case it is necessary to talk about canonical operators and canonical commutation relations.
First, suppose that the operator u inside a vector space U and © belongs the phase space V
related by a Fourier transform with U and if the phase space is endowed with a symplectic
bilinear form w : V' x U — R, the commutation relation between @ and v takes the form:

v — 00 = thw(u,v). (1.1)

Note that the election of any even-dimensional space for the phase space, has no restrictions.
Now, as John von Neumann demonstrated in 1931, the operator algebra defined by is
unique within a isomorphism, and its implementations on any phase space are unitarily equiv-
alent. Then, the chose of a system with countable infinite degrees of freedom the quantization
can again be carried out with the symplectic form w(u,v) on this infinite-dimensional space.
This implementation is so called second quantization |9] and in the next section it will be
explained, along with other types of quantization.

1.1.1 Canonical Quantization

The first technique to perform the quantization of a field is known as second quantization
which is the usual way to call the canonical quantization of relativistic fields. The simplest
way to understand it is by making a comparison with quantum mechanics arising from classical
theory and introducing quantum notions after that. Note that first quantization refers to
implementing a quantization mechanism to a mechanical system, in other words, the discrete
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modes of the system have been found as in the harmonic oscillator or the hydrogen atom, while
the second quantization refers to the integer number of excitation of these modes.

Classical Field Theory

Classical field theory was constructed by comparison with classical mechanics and its funda-
mental quantity, the action S. First, in the local field theory it is possible to express the
Lagrangian as an integral over the space of the Lagrangian density denoted by L, for simplicity
in field theory it will be called Lagrangian. This change provides us of a definition of the action
by an integral in a 4-dimensional space where the Lagrangian is a function of the fields ¢(z)
and their derivatives d,,¢, namely

S:/ﬁw@m&m (1.2)

using the principle of least action, 65 = 0, thus the field equations are

S 19

which are derived in a complete analogy with the Euler-Lagrange equations. Note that thereis a
field equation for each field ¢. But, it is easy to assume that the construction of a Hamiltonian
representation for the field theory would be simple, because it is easier to understand the
canonical quantization process in this way. Then, defining the momentum density as

_ac
") = Sty

therefor the Hamiltonian density,here after referred to as call Hamiltonian, will be written as a
Legendre transformation of the Lagrangian

(1.4)

H=n(x)p(z) — L. (1.5)

As an example the Lagrangian of a non-interacting massive scalar field can be written as

1 1
L= 5(0,0)* — 5m*¢”, (1.6)
2 2
with its respective Hamiltonian
M= L2y 1(Vg/))2 - 1m2¢2 (1.7)
2 2 2 ’ '
and its related field equation
"¢, +m*¢ = 0. (1.8)

This is the Klein-Gordon equation, which is one of the most known field equations [1].
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Second Quantization

The construction of a quantum theory, requires two new characteristics: First, the theory
works with many quantum mechanical systems, each one with a different p, at equal times.
Second, the interpretation of the n-th excited state as a state with n particles. In QFT, the
mathematical structure is based on many particle systems, then the bigger space to work is
defined by the direct sum of the Hilbert spaces associated with each particle which is known

as Fock space:
F =&, Han, (1.9)

and H, is a Hilbert space composed by n-particle states [p}...p%), each pf' is a 4-momentum
vector. Now, to understand the quantization of fields, the creation and annihilation operators
need be introduced, a, and a;,, which annihilates a particle with momentum p and creates
a particle with momentum p’ respectively. The creation and annihilation operators can be
compared with the leader operators of the harmonic oscillator, which satisfy the commutation
relation:

[a,a'] = 1. (1.10)
In the field theory described by the Hamiltonian (1.7]) one has the commutation relation:
[y, al,] = (27)%6° (9 — ), (1.11)

considering the operators located at the same time and where the constant factor is added by
the Fourier transform convention taken These operators act on the Fock space states as:

aJ0) = —— 7). (1.12)

A/ 2wp/

Here, the state |0) represents a non-particle state and the constant w,y comes from the solution
of the field equation (|1.8)):

= ﬁ_wg = —m?. (1.13)

The simplest quantum field that is possible to define is the quantum scalar field, but before
introducing it, the completeness relation in terms of the momentum basis of the Fock space is

needed: e .
p
1= —— 1.14
| Grig (1.14)
then, the quantum field can be expressed in the most general form as the integral of all the
possible values of the momentum for the annihilation and creation operators in the form

o(7) = /ﬁ; (a e 1 aTe—im) (1.15)
(27T)3 zwp P D . .
It is because the field equations accept a solution in a plane wave expansion and pz is a 4-
dimensional inner product pr = g,,p*z”. But this is only the time independent scalar field, if
the time dependence is to be added, in Eq. ((1.15) changes to

r — d3p 1 pT a efipx
¢(x,t)_/<27r)3 N0 [ap(t)e™* + al(t)e "] . (1.16)

Note that a,(t) and af are well defined at any fixed time ¢ and (L.16) needed to change the
3-vectors by 4-vectors to include the time component [2|. This is only an example of a field
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operator, but there exist many types of quantum fields depending on the representation, such
as vector fields, spinnorial field, etc. Our classical fields have been promoted to operators and
using the same idea to promote the classical momentum to momentum operators 7(Z,t), by
the classical definition, it is easy to write the momentum as:

. d3p w ipT —ipT
m(x) = —Z/ oL 7}’ (aye™ — a;r)e ) (1.17)
To finish the quantization procedure, the next commutation relations have been obtained from
the definition of the field operators

[gﬁ(f, t)v (b(ljv t)] =0,

-

7 (2, 1), 7(2,1)] = 0, (1.18)
[B(Z, ), w(a!, 1)] = i (& — a7),

finally the quantum field theory has been constructed via canonical quantization [10]. The
next step will be to construct a Lagrangian derivation which will yield to the path integral
formalism.

1.1.2 Path Integral

To understand the path integral mechanism, we first need to look at how it works in a quantum
mechanical system. Suppose that our system has a Hamiltonian H, an initial state |i) = |z;)
and a final state |f) = |x;).Due to the fact that the Hamiltonian is the evolution operator an
if it does not depend on time, then, the matrix element (f|i) is

(fli) = (agleCrtof |z, (1.19)

However, if H = H (t) and it is a smooth function then it is possible to divide the interval of
time in infinitesimal steps and then integrate along all the intervals. Then it has time steps in
the form ¢, = t; + dt, to simplify the algebra we introduce the completeness relation of the
momentum basis, namely

p? N
%4»‘/(:)31 7ti) ot

e ) = [ Lot 7). (1.20)

as V does not have any dependence on the momentum we can put it out of the integral and
then solve using the Gaussian integral

1 2T J?
/dpexp(—§ap2 + Jp) =1/ — exp (%) , (1.21)

a= i% and J = i(z;11 — x;) which leads to

—iH6t —iV (4,t:)6t i Lo’ iL(x, )6t
(wis1]e |z;) = Ne pli)terz 0 = N et (1.22)

where N is a normalization constant. Here, it has been assumed that the Lagrangian has the
form L = imi? — V(z,t). Finally, as Eq. (L.19) can be rewritten as the product of steps with
the structure ((1.22)), then it reduces to

(fli) = N" / dy,...dx L EnEn)t | pil@ndnot (1.23)
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Now, taking the limit 0t — 0 and using the definition of the action, we obtain

z(ts) ,
(Fli) = N/ Dar(t)e’Slel (1.24)
CC(tL)
here, Dz means sum over all possible paths z(t).

Path Integral in QFT

To understand how the path integral formalism works in QFT, let us recall that in quantum

mechanics the path integral arises from the comparison between an initial and a final state,

which in our case there will be an initial vacuum state at time ¢; and a final vacuum state at

t¢. Let us now discuss, will be discussed how the field operators ¢ and m work in a basis.
First, ¢ acts on a complete set of eigenstates as

¢(2)|®) = &(x)[®), (1.25)

where ®(z) are eigenfunctions of ¢ and analogously for the momentum operator its respective
eigenfunctions I1(x) , we have
m(z)[1I) = I(z)[1I), (1.26)

these states are conjugate to |®) and satisfy the inner product

(I1|®) = exp [—z' / d?’a;H(x)cb(x)] (1.27)

and the inner product between two |®) states is

(] D) — / DlTexp (-i / B 2T1(2) [0 () — @f(x)]) | (1.28)

also, the Hamiltonian density could be written in the form

H= %7# + V(z), (1.29)
where V(x) contains all the interactions. Now, as in the quantum mechanical system, to
describe how a state evolves in QFT it is necessary to divide the interval of evolution from the
original state to the final state by inserting complete sets of intermediate states. In a process
analogous to the quantum mechanics case, we divide (0;¢|0;¢;) in steps (®;]|e " 1)|d;) =
N exp(idt [ d*xL), then performing the integral over all the steps it yields

(0;t£]0;t;) = N/ch(:c)e”[‘bl. (1.30)

Here the action is defined as S[®] = [ d*xL[®]. Just right here, it has been considered all the
possible field configurations acting on our states and it will be important in the description of
Feynman diagrams.
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Feynman Diagrams

In the past section, the path integral was constructed by working only with vacuum states,
but, what it would happen if one or more fields were introduced in the path integral? Well,
introducing only one field at a specific position and time z; (it is a four vector but the j index
is only a label) it yields

N [ Do) aa;) = 0l6(a,) ). (1.31)

but, in general it is possible to add any number of fields

N/Dq)(x)eisq)(xl)..@(xn) = (0|T{p(x1)...0(xy) }|0), (1.32)

considering that on the right-hand side the operators are ordered in time. Now, as a remark,
the procedures in the path integral formalism includes some types of currents, then working
with them will be easier if we introduce the generating functional Z[J] which is an usual path
integral that includes a current and it represents a source in the form:

Z|J] = / D¢ exp [Z’S[(b] +i / d%J(:U)gb(:c)] : (1.33)

Since Z[J] is a functional, the functional derivative or variational derivative will be a useful
tool. It is defined in terms of the currents as

0J ()
6J(y)

through this definition to obtain the functional derivative for Z, we have

=0z —y), (1.34)

WA , » .
57 (x0) = 2/D¢6Xp [’LSW] —I—Z/d xJ(x)gzﬁ(x)] o(z1), (1.35)
then, s
1 0z B 'D¢ez’5 ¢lo(x1 B
T 06w |, Deese — (elm)l, (1.36)

here, the |2) state represents the vacuum state for the interacting theory while the |0) state
represents the same in the free theory. Adding n sources

1 oz

For example, with the real scalar field lagrangian, we have for the free theory Zy[J]:

ZolJ] = /D¢exp [z/ (—%¢(D+m2)¢) +z‘/d4xj(x)¢(:c)1 (1.38)

using the well-known integral

A= (1.39)

=

X s 27)"
dpe 2PAP+IP (

oo
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identifying the operator i(CJ + m?) as A in our formula, then it is required the construction of
the inverse of our operator, this is the propagator II(x — y) that solves the differential equation
(O4+mA)I(z —y) = —6(z — y), from this result follows

ZolJ] = N exp B / d* / d*J(z)1(z —y)J(y)} : (1.40)

therefore,

OIT{6(x)6(y)}0) = <-Z’>QZ%o] ajuf)aZJ(xg)

J=0 (1.41)

the II propagator is known as the Feynman Propagator and since now we will denote it by Dpg
or simply D;; for (0|T{¢(x;)é(x;)}0) and from its differential equation, the solution is

dp eP@=y)

If we want to describe procedures in which more fields act, like in interacting theories, the
theory has a more friendly representation. First, we will change de notation for the functional

derivative by 0; = —is J( , for the propagator D,, = II(z —y) and we are only going to consider

normalized processes. Then introducing four fields in our process

(OT{¢(x1)d(2)P(w3)P(x4) }0) = 61020504 Z(]) (1.43)
= D34D13 + Dag D1y + D13 Doy, .
This result could be represented by the diagrams in the figure [I.1]

1 2 5 1 1 3

3 4 4 9 2 4

Figure 1.1: The s-channel, t-channel and u-channel respectively for the 2-2 dispersion process

These diagrams are known as Feynman Diagrams in the momentum-space and their mathe-
matical interpretation is given by the Feynman Rules, that are well-defined in each theory|2][1].

1.2 Gauge Groups

In physics, symmetries have a great importance. To begin with let us look at how a Lagrangian
changes under a infinitesimal variation ¢ — ¢ + d¢ and it is easy to check that it changes by

oL 5S
5L =0, (0(%05 c;S) + 559 (1.44)
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then we define the Noether curent j* as the term in parenthesis, then

oL
= aamdqb (1.45)

using this notation, and from the field equations, it implies £ = 0,7, and here is the impor-
tance of the Noether currents, because a Lagrangian is invariant under a infinitesimal transfor-
mation if 0L = O i.e. if J,7# = 0. Then, when a Lagrangian is invariant under a transformation,
it has a continuous symmetry and by consequence the Noether current is conserved |10]. Other
important remarks are that the component j° is called charge density and j is the current
density so the Noether charge is defined by

Q= /dejO. (1.46)

Now, considering a finite transformation ¢ — e¢**¢ with o € R, under this transformation the
Lagriangian for a complex field £ = |9,¢|* — m?|$|* is invariant and we usually says that the
transformation is a symmetry of the Lagrangian. Additionally, when the transformation is
parametrized by a scalar a we say that it is a global symmetry, but when the parameters are
functions «a(z) the transformation is called a local (gauge) symmetry.

Commonly the set of transformations, that keep invariant a Lagrangian, form a Lie group
(see the appendix for example U(1), SO(3), etc., these groups are called gauge group of
each theory, respectively.[2][1]

1.3 Renormalization

One of the most important things in QFT is the notion of the renormalization procedure that
essentially we use to make predictions about long distance physics even though the theory
has infinite fluctuations in short distances. To take an easy view of what renormalization is,
usually, this technique appears when we want to compute an observable and we note that some
divergences exist in the intermediate steps, but as we know the physical observables are finite
then if is necessary to introduce a regulator that help us to avoid the divergences and obtain
a finite result. Some examples of regulatization are hard cutoff, Paul Villars regularization,
dimensional regularization, etc. and we need to make ensure that our result does not depend
on the regulator which we chose.

To understand renormalization an example will be presented for the massless scalar field
theory with Lagrangian

1 A
£=—5000 — 5o (1.47)

This theory is also called A¢*-theory, where ) is a coupling constant in this theory. We want
to compute a scattering ¢p¢ — ¢¢ which at tree level is given by

iMy= — i\ (1.48)

0
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and its 1-loop correction is

iMy = :WZ/ i (1.49)

where 1/2 is a symmetry factor. As the scattering has been treated in the s-chanell we can
consider s = p%. As our integral is divergent we can solve it using the trick of taking a derivative
respect of s, then we obtain

19) pt 0
95 1(8) = 55 M) .
_W/ d* 1 (p*—p-k) '
25 ) @n)tk2 (p—k)t
its solution is easily found in the literature, it reads
0 A2
— = ——. 1.51
&le(s) 16725 (151)
By taking the integral over s and choosing a suitable integration constant:
A2 s
M, = ~ 392 lnﬁ (1.52)

and A is a scale parameter. Note that our result has divergences yet, but the difference be-
tween two matrix elements evaluated in two different values of s are finite and this is the real
observable, then, we can chose a particular s = sg and define a renormalized coupling such that

Ar = —M(sp) and from the difference M(s) — M(s) it is possible to obtain

A2 S
AT LA 1.53
3om2 M T (1.53)

M(s) =\,

here it has been considered te complete correction. Finally, this is a physical prediction from the
renormalization procedure. Another simple way to avoid the divergences is adding counterterms
to the Lagrangian. For example, recovering the Lagrangian for a scalar field in the ¢* theory,
if we add counterterms

1 A A

L=—¢0¢p— Z¢'— =g 1.54

where A, is the counterterm and computing the matrix element M
M) =~ A — A S oY (1.55)

T e © r): ‘
Choosing a suitable A, we can recover immediately
/\2

M(s) =\ — = In 2. (1.56)

S22 s
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The renormalization method using counterterms is also called renormalized perturbation theory
and the two ways give us the same results which are really measurable quantities[2][10]. One of
the most important applications of the renormalization procedure is the computation of effective
coupling constants obtained from 1-loop corrections, they are also called running couplings and
they are scale dependent i.e. they are momentum dependent. In the case of QED, this coupling
is given by

2 ()2

er(po)

a(p®) = ecr(p”) = : (1.57)
1 - Sren(mp)In;

where e is the charge of the electron, eg is the renormalized charge, which is obtained in a

similar way as the renormalized coupling in the A¢*-theory and e.;; is the effective charge.

Other notable function is the S-function defined as

do

= u—. 1.58
Bla) = p 0 (1.58)
It has a series expansion as
€ o} a2
P (—) o 1.
B(a) a {2 + bt () At } (1.59)
where a = e%/4r and € comes from the dimensional regularization of the integrals in the

minimal subtraction scheme (taking the dimensions as d = 4 — €). At leading order in QED
with 8y = —4/3, the S-function is

3
€ €%

Bler) = =35+

1.
2 1272’ (1.60)

[ [10][2)-

1.4 Effective Field Theory

When a physics student takes a course in classical mechanics he ignores all the relativistic or
quantum effects because in the curse he considers h — 0 and ¢ — oo, which is equivalent to
ignore all effects outside the phenomena in this scale. That’s the main idea in effective theories,
as in nature exist a lot of theories that are non-renormalizable or simply they have perturbative
effects what are more difficult to calculate.

In field theory the scale of the effective theory is given by distance or to be more specific
by energy. Then, an effective field theory works in a given energy scale E with accuracy € in
terms of a finite set of parameters that satisfies:

e For each dimension we have k — 4 parameters

e The contribution of the interactions of dimension k is proportional to (%)k

And we can go on with this process in every scale but it is logical that in a very large scale the
non-renormalizable interactions disappear and we only will have the full theory [11][7].



Chapter 2

Quantum Chromodynamics

In the Standard Model the most fundamental particle in Nature have been included: leptons
(electron, muon, etc), quarks (up, down, strange, etc.) and gauge bosons (photon, gluon, etc.).
In particular, Quantum Chromodynamics works on the sector of the Standard Model that
describes the strong interactions between quarks by gluons, they are like photons in Quan-
tum Electrodynamics (QED) . QCD is a non-abelian gauge quantum field theory under the
symmetry SU(3)¢ [4]. The theory can be summarized in the next remarks.

e The Noether charge associated to the group SU(3)¢ is the color charge assigned to the
quarks and gluons and transported only by the gluons. The non-abelian behavior is the
responsible of the self-interaction between gluons in the theory.

e Quarks are fermions of spin 1/2,which posses both electric charge and color charge. They
are grouped in two sectors: light quark sector (up, down, and strange quarks) and the
heavy quark sector (charm, bottom, and top quarks). At low energies quarks are al-
ways in entangled states, also known as hadrons which are divided in two big categories:
mesons(pion, kaon, etc.), which are bosons constructed by the union of a quark and
antiquark (¢q) and baryons(proton, neutron, etc.), that are fermions formed by a triplet
of quarks.

e The color charge as a quantum number emerges from the problem that represents the
existence of baryon states as AT" composed of three up quarks with up spin (u'u'ul)
which obeys a bosonic statistics. The solution of the problem is the addition of color as
a quantum number for each quark ¢°, 3 =1, 2, 3 (red, blue, green) that helps to create
antisymmetric baryon states. The baryon and meson states are represented by

1
B = —¢apy|0*d"q") (2.1)

V6

1

M=

Japla®a”) (2.2)

e Gluons are the gauge boson associated to the strong interaction, which is the responsible of
the union of the quarks in the hadrons and the transport of the color charge. Theoretically,
they do not have mass or electric charge.

e From the mathematical structure and phenomenological behavior QCD possesses two
important characteristics. On the one hand, confinement, which implies that in the low

16
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momentum regimen of the theory or in long distances the interaction becomes too strong,
so quarks are always confined in hadrons. In fact applying more energy to the system
to separate the quarks in a meson, for example, will be energetically more favorable the
creation of a new pair rather than obtaining free quarks. On the other hand, asymptotic
freedom, which describes that the interaction of the quarks at higher momentum or short
distances is small so the quarks act like free particles[12].

2.1 The QCD Lagrangian

The development of QCD is a hard process of combined theories as the Yang Mills theory,
the renormalization procedure, also adding the Feddeev-Popov terms and using the BRST
symmetry to avoid extra terms that appear in the Lagrangian. The full QCD Lagrangian is

1 a auv I 1
_ZGMVGGM + wZ(Z/B/— m)@bl — %
where ; is the fermionic field with ¢ = 1,...,6 which includes all the quarks (six flavors and
three colors), in the form

EQC’D = (8"Au)2 =+ Eghost (23)

v = (u,d, s,¢,t,b), (2.4)
m is the mass matrix of the quarks, D is the covariant derivative defined by
D, =0, —1gA,T*, (2.5)

here 4 is the space-time coordinate and runs from 1 to 4 and Aj is the vector boson field of
the theory, in this case the gluon with color index @ =1, ...,8 and the relation between Aj and
A, is given by A, = AJT“. The parameter g is the coupling constant of the strong interaction
and the strength field G, is

G, = 0,45 — O, A} + gf“bCAZA,‘j, (2.6)

the components of 7% are proportional to the Gell-mann matrices and f®¢ is an antisymmetric
tensor also called structure constants of the SU(3) group, which is the gauge group of the
theory. In general a SU(N) group satisfies the commutation relation

[T T = ifoeTe (2.7)
and the anticommutation relation

1
{T°,T"} = g5‘“’1 + deTe. (2.8)

The tensor d** is symmetric and is another kind of structure constant. The structure constants
are defined as

Fo = —20TeA A, X

2.9
d™e = 2TrA*{\*, \°}, (2.9)

these constants work in the adjoint representation of the SU(N) group. The term —%(G”AZ)Q
comes from the Feddeev-Popov gauge fixing but it includes some fields that do not have a
physical interpretation and are called ”ghosts”, they are included in Lg,s. The ghosts can
be avoided using the BRST symmetry. Not only the BRST symmetry appears in the QCD
Lagrangian and in the next section we will treat some of them[1][3].

Before that, we will write the Feynman rules for QCD. For the propagators, they read:
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e The gluon propagator is
_guu+ 1_5 pHtp¥
vl ma =i ( : i 5P
p? + ie
e The propagators for colored fermions
Do 0%
P —m+ e
e The propagators for colored scalars
D i0%
- -
J ! p? — M? + ie
e The ghost propagator
. 7/j
b p a — 25 -
p? +ie
where the indices a, b are color indices and 7, j are in the fundamental representation. Also,

for the vertices of the theory it holds:
e The triple gluon vertex

p
V,’%;%% = gf"[g"(k —p)’ + ¢ (p— )" + g™ (¢ — k)"]

fa p,c

e The four-gluon diagram

W, a v, b
_ 292 % [fabefcde (gppguo _ gucrgup>
+ facefbde (guugpa _ gua'gup)
+ fadEfbce(guugpa' _ gp.p IJO’)]
pv c g, d

e The interaction vertex with a fermion

i
e The interaction vertex for the scalar
P
V,% = ig(k" + QM)TZ

pa pe

These are all of the Feynman Rules for QCD [2][1].
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2.2 Running coupling

In Section have been presented the running coupling for QED. In the case of QCD the
B-function is

€ IR
— ——gp— 2.10
B(gr) 598 = {p,27 (2.10)
here, [y is given by
By =N 2N (2.11)
0 — 3 c 3 F- .
It is always positive for the well-known value N, = 3 for QCD and the running coupling is
27 1
as(p) = Goin (2.12)
0 Agep

the parameter Agcp is the scale parameter of QCD and will be useful in the next section. Note
that at high momentum, the coupling constant gets weaker, this is the reason of the asymptotic
freedom and in the opposite case it is responsible of the confinement|3][12]]2].

2.3 Symmetries and operators

In Chapter 1 the importance of the symmetries in field theory was treated, particularly in
QCD the main symmetry is given by the SU(3) group. Under the symmetry a fermionic field
transform as

Vi = Y + 1T, (2.13)

J

and for the vector boson field
a a abc b pc
AL — Al — [0’ A (2.14)

both cases for an infinitesimal . Using the Noether Theorem, enunciated in Chapter 1, the
Noether current in this case is

a 7 a abc Ab e
J,u = —@DZ’YMT‘Z@DZ + f AVGIW. (215)

J

Taking only the first term we have
Jn = =" T, (2.16)

it is also called matter current, is composed only by fermions, and satisfies D, j5 = 0. Now, we
need to see clearer the gauge groups, first in QCD we have a gauge group SU(N.) were N, is
the number of colors, by experimental results it was fixed to N, = 3. But, the color symmetry
is not the unique symmetry in QCD, now we also have the flavor symmetry that implies the
gauge group SU(Ny) where Ny is the number of flavors. This symmetry could be decomposed
in the chiral symmetry, which is defined by the group SU(Ny)r x SU(Ny)g and we will describe
bellow [10][1].
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2.3.1 Chiral Symmetry

The quark sector of the QCD lagrangian is purely fermionic, it could be written as a combination
of left handed and right handed spinors through the 5 = iv°y!~2+34? matrix, which satisfies

{7,795} = 0 and 72 = 1. Taking the transformations for the usual quark spinors v as

Yr = Pri, Y = Pry (2.17)
where L+ .
Pp=—2  p=——" (2.18)
2 2
it is then possible to take the Lagrangian to its chiral representation
- - 1
Locp = VriPr + b UL — ZGZ,,G?W, (2.19)

where for simplicity have been omitted the gauge and ghost terms. This Lagrangian obviously
is invariant under chiral transformations because we are only working in the light quark sector
(u, d, s), so it is possible to suppress the mass term in the Lagrangian or it can be included
taking the limit m, = my = m,. In general, as quarks do not have the same mass the theory
would not be invariant under the chiral symmetry, for this reason this symmetry is not an exact
symmetry and is called an approzimate symmetry|13]. Now, considering the flavor symmetry in
the usual QCD Lagrangian and using the v5 matrix, the analogous of the chiral transformation
can be built. These transformations are called axial flavor transformations. The infinitesimal
transformations zre written as

1%‘ — 1/12 —+ z'oc“]}‘;-%lpj, (220)
U = i + iaa&%Tf}- (2.21)

for massless quarks, the QCD lagrangian exhibits two conserved currents

Vi = 0" T, (2.22)
A, = Vi T, (2.23)

and their respective Noether charges
Ve = /d4a:vg, Av = /d%Ag. (2.24)

These charges transform, under the flavor [SU(Ny)| transformations and the axial flavor trans-
formation, and satisfy the algebra

Ve, Vo =ifeeve, (2.25)
[A®) AY] =4 febeye, (2.26)
[Ve, AP = i fobeAc, (2.27)

This algebra can be written to obtain simplified and more suitable results. For this purpose,

let us define ] 1
F}' = §(Va — A%, Fg = §(V“ + A?) (2.28)
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and, after applying the algebra one obtains

[F}, F7) = if ™ FF, (2.29)
[Fp, Fp] = if*™Ff, (2.30)
[Fe, Fh] = 0. (2.31)

The most important result of expressing the vector and axial charges as left-handed and right-
handed charges is that the latter operate separately and decoupled, each one generates its
respective SU(Ny) group of transformations, then the axial-flavor symmetry could be repre-
sented by the tensorial product of both as SU(Ny);, x SU(Ny)g also called chiral symmetry,
and flavor symmetry forms a subgroup SU(Ny)v, this is the flavor group [14].

2.4 Spontaneous Symmetry Breaking

As it was described in the above section, the continuous symmetries in the Lagrangian yield
conserved currents and conserved charges via the Noether Theorem and the conserved charges
(@ generate symmetry transformations. For definition, a conserved charge satisfies the relation
[H,Q] = 0 and even though the free Lagrangian and the potential of the theory are invariant
under the symmetry transformation, the vacuum state (ground state of QFT) would no longer
be. For example, in the Mexican hat potential two possibilities exist. The first one that is a
symmetric vacuum in the top of the hat that satisfies Q|€2) = 0 but it’s unstable and the other
possibility is the charged vacuum on the bottom of the hat, that is stable but the charge does
not annihilate the vacuum Q|Q2) # 0. The main consequence of have a charged vacuum is the
degeneracy of the vacuum, since H|Q2) = Ey|Q2), applying the same Hamiltonian to the Q|Q2)
state

HQI) = [H, Q]| + QH|Q) = EyQ|%), (2.32)

therefore, the ground state is degenerate. This phenomenon is known as spontaneous sym-
metry breaking. From the degenerated vacuum. the construction of momentum states,
evolving the vacuum, follows as

() = C / B Jo(2) ). (2.33)

These states have energy E(p) + Ep and C' is a suitable integration constant. Since the states
are subject to the initial condition |7(0)) = CQ|2), then the energy E(p) goes to zero when
the momentum goes to zero. Thus, the |7) states must be massless states. The Goldstone’s
Theorem is a consequence of the last result, it implies the existence of massless particles from the
spontaneous breaking of continuous global symmetries; these massless particle states |7) are also
called Goldstone bosons. In the last section, it was introduced the chiral symmetry, is possible
to construct an effective Lagrangian based on this symmetry called the chiral Lagrangian and
from the spontaneous symmetry breaking of chiral symmetry in this case we will obtain the
octet of Goldstone bosons which will correspond to be the meson octet [2][1][13].



Chapter 3
Effective Field Theories in QCD

In the previous chapter we could see that QCD is the quantum gauge field theory which describes
the strong interactions in the Standard Model, but it has some important problems and the
main of them is that his non-abelian behavior which made it a non-renormalizable theory, i.e.
the divergences in the theory are impossible to avoid using the usual techniques that were
developed in QED or in other renormalizable models. Thus, one of the obvious solution of this
problem is the use of Effective Field Theories, that have been treated in the first chapter.

Recalling from the first chapter, an effective theory is a useful tool that gives us a good
description of a theory in a particular scale of energy and momentum in this case that scale is
Agep. This scale parameter make a constraint in our degrees of freedom, taking into account
only the particles that are smaller than Agcp, and the quantities that have the same order or
higher than our scale parameter will be absorbed by the coupling constant of the Lagrangian.
A non-perturbative theory is a low-energy theory that help us to obtain a good description of
the phenomena. In QCD we use the scale parameter Agcp to treat our quantities making an
expansion around Agcp, in this way we can create a controlled expansion of operators in power
series of 1/Agep to describe an observable and working out as an effective theory we can stop
our expansion in a particular order in 1/Agep and only a finite number of operators in the
expansion that contributes to the physical phenomena. In the Lagrangian, the last ideas look
as a finite number of counterterms that provide us with an effective Lagrangian with predictive
power but the results have a finite precision defined by our previous expansion [7].

3.1 Heavy Baryon Chiral Perturbation Theory

The effective Lagrangian that we choose in QCD has the previously mentioned chiral symmetry
related to the SU(3), ® SU(3)g group, considering the flavors of quarks, but this symmetry is
spontaneously broken to the diagonal SU(3) subgroup. Because of this, the effective Lagrangian
obtains a modification by adding the pseudoscalar octet of pseudo-Goldstone bosons, they are
the pion fields. Additionally, as Georgi postulated the heavy quark formalism [15] and in
the same way Jenkins and Manohar developed the heavy baryon theory [5][16], we can treat
the baryon fiels as heavy static fermions. It can be useful and will acquire more physical
sense, considering that the momentum transfer from the gluons to the hadrons is minimal in
comparison with the momentum transfer of the heavy baryons and as other consideration, the
baryonic field depends on the velocity [17]. The previous postulates are know as Heavy Baryon
Chiral Pertubation theory (HBChPT), and to begin with the description we will introduce the

22
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chiral Lagrangian of its lowest order, including contributions of the octect and decuplet[17]:

Liaryon = iTrBy(v-D)B, — iTH(v - D)1y, + AT#TW + QDTrBUSg{AM, B,}

_ , _ i 3.1
+ 2FTrB,S"[A,, B,] + C(T" A, B, + B, A,T") + 2HT S" A, T,, (31)

where D, F, C y ‘H are the pion-baryon couplings, also known as chiral coefficients, A is the
mass spliting of th octet and decuplet of baryons given by A = My — Mp, B, and T# are
the baryon fields with velocity v*. In the effective Lagrangian appears also the matrix of
pseudo-Goldstone bosons given by £ = exp(ill/ f), where

1.0 1 + +
N A A

and f =~ 93 MeV is the the pion decay constant. The combination of thr pion fields which
transforms as a vector V* and as an axial-vector A*

veoLerd v, a = Lo —clorg) 33

will be useful to write down the lagrangian. The baryon octet is given by

0, 1 +
. +3/6A 1 % 1 P
= =0 2 A
- - V6
and its adjoint
50 1A 5+ =-
D - —i‘_+\/€A 1 _203 1 A :0
B = 27 —752 7+ 76/\ :é BE (35)
D n —%A
these fields transform under chiral symmetry as
B, = UB,UT, € — LEUT = UERT, (3.6)

the decuplet of baryons with spin 3/2 is a Rarita-Schwinger T* field that satisfies Z'= 0 and is
symmetric in its flavor indices. The explicit decuplet is

Tuuu = ATt Tuud = \/LgA—’— Tudd = %AO

v
— A~ I _ 1 v0
Tddd —1A a Tuus - \/152*0 Tuds - \1/65]*_ (37)
Tags = ng Tuss = _3:* Tass = _3:
Tsss = Q_v
as these fields have velocity, their dependence is given by
B,(x) = exp(iMpw,z")B(x), TH(z) = exp(iMpwa")B(x) (3.8)
and finally we have the spin operator
SH = 3750’”%7 (3.9)
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and in this theory the covariant derivative is
Dt =0"+[VH ]. (3.10)
As in the usual way, now we need to compute the Green’s functions from the effective La-

grangian. The propagators are .
7

o (3.11)
for the octet and ‘
_AT (3.12)
(k-v—A)
for the decuplet; note that this propagator contains a polarization projector defined by
P = (oM — g') — %S“S” (3.13)

3 vvus

In the propagators we have added a momentum k which is the amount by which the baryon is
off-shell and the full momentum of the baryon is

pt = Mpot + k*. (3.14)

Now, in HBChPT we can define an SU(6), symmetry transformation that transforms B, to
T, with the same velocity, then through this symmetry it is possible to obtain relations for the
couplings
2
F = §D’ C=-2D, H=-3D (3.15)
The renormalization of the baryon acial vector current will be discussed as an example of how

the theory works [5][16][17][18].

3.1.1 Baryon axial current in HBChPT

Following the usual Noether procedure we can easily construct the baryon axial vector currens
in the SU(3) symmetry limit at the lowest order from the contributions of the octet and decuplet
and the result is [19)

J4 = DTYB,SHETAET + €T, B} + FTeB,SUET T + €1T4¢, B,]
+ ngerss [€T4¢" — T4, B, + %U“T: (€T7¢" — ') T,

_ 1 - (3.16)
+ HTY S (6T — E1T4) T, + ECTW (T°¢t + €'T74¢) B,
1 -
+5CBy (T + T T,
and its one loop organized can be written as
- M? MENT _
(BZ-|J:‘|B]~) = aiA} + (Bij - )\ijozf;) 167r§(f2 In ( Mf)} UB, Y. V5UB, (3.17)

where My is the kaon mass, ozf;» are the tree-level contributions, A;; are the one-loop corrections

from the wave function renormalization and }; are the correction due all the other graphs. In
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(a) (b) (©)

Figure 3.2: loops

this notation @ = a + o/, « is the contribution from diagrams with intermediate octet lines,
a’ is the contribution from diagrams with intermediate decuplet lines and @ includes all the
contributions.

All the af}, Xij and _;;‘. can be computed in terms of the chiral coefficients D, F', C and .
The dependence of the matrix elements of the axial current on the scale parameter u is due
to the fact that only contains the leading non analytic correction of the form mgInmg,
where my is the strange quark mass, but also have M% terms with coefficients which come
from operators with higher dimension in the Lagrangian. So, the p dependence cancels the
anomalous dimensions of these coefficients [19]. In a more general way, the renormalized axial

current can be written as [12]

<Bi|J,14|Bj> = |5 — Z (75 - j\g‘ai]’) F(mm, A, ) + Z’YgiBjI(mnyﬂ)
II I (318)
X UB;VuV5UB;
where F'(my, A, i) is the one loop integral
y i d*k d*k(k')(—k7)
0 F A = — 3.19
(ma, &, 1) = / @m)t (2 —m2)(k-v— A +ie) (3.19)

This integral has been solved by Jenkins and Manohar in [19] and p is the scale parameter
from the dimensional regularization. The integral comes from the one loop renormalization of
the baryon wave function given by Fig. [3.1 in the graph the double line represents a baryon,
the dashed line represents a meson and their intersections e are strong interaction vertices.
To compute the loop correction is needed to take the sum over all the possible intermediate
baryons Br. Then, the tree level contributions are included in ay;, the 3;; factors are the one
loop corrections given by (a) in the diagram in Fig. [3.2| where the insertion ® is an axial vector
current insertion. The coefficients 5\3 are the corrections due to the one loop renormalization
of the wave function by (b) and (c) and the g, p, coefficients comes from the diagram (d). The
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integral I(myy, i) is solved using dimensional regularization as [20)]

i d*k 1 m¥ m
o) = 35 [ G = o | () 1) (3:20)

note that taking only the limit m, = my = 0 and using th Gell-Mann-Okubo mass formula we

can rewrite m? = 3mj and recover the Eq. (3.2) [17][21].

3.2 Large-N. QCD

The large-N, limit is an effective field theory that provides us with an approach to analyze
the behavior of QCD in a non-perturbative regimen. One problem in QCD is the absence of
a small expansion parameter that help us to compute low-energy properties of hadrons, but
it changed since t’Hooft realized that this parameter could be the number of colors N, and
that the theory becomes simpler when the limit N. — oo is taken as we can expand the QCD
operators in a 1/N, expansion[22]. In the large-N, limit the baryon sector of QCD has the
contracted symmetry SU(2Np) D SU(Ng) x SU(2), where Np is the number of colors. This
symmetry is also known as the spin-flavor symmetry, arises from consistence conditions on
meson-baryon scattering amplitudes and unitarity. From the large-N, limit it is possible to
get result for baryon axia vector currents and magnetic moments up to order O(1/N?) and for
baryon masses up to order O(1/N3?) using two and three light-quark flavors. The success of
the large- N, limit is that their predictions are in good agreement with experiment and in the
explanation of several phenomena in the baryon sector of QCDJ19].

3.2.1 Spin-flavor symmetry for large N. baryons

The most important advantage of the spin flavor symmetry in the large N, theory is that it
provides us with a organizational framework for the 1/N, expansion. The way in which the
expansion works is taking the static baryon matrix element of the 1-body operators in QCD,
for example the axial current, and expand it in the form [8]

—bod 1
OéCDy = ZWOTM (321)

where the O,, are the independent operator polynomials of degree n in terms of the baryon spin
flavor generators. In particular, it is possible to construct a basis for the 1/N,. expansion in terms
of O,, and they have a natural interpretation as n body operators that act on the spin and flavor
indices over the n static quarks, but to understand these operators first we need the to have
a quark representation. Now, in the large N, formalism the quark representation of the spin-
flavor symmetry is based on the non-relativistic quark model picture that is useful because it
give us a convenient way to write the results of the 1/N, expansion. In the quark representation
we have operators for creation q;ﬁ and annihilation ¢® that satisfy the commutation relation:

4", qls] = 605 (3.22)

where the indices 7, j = 1, 2, 3 are spin indices and «, f = 1, .., Nr are flavor indices, the n-body
quark operators can be constructed using these operators. Now, using the spin flavor symmetry
we will construct a classification of n-body quark operators. First, the unique 0-body operator
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is the identity 1, which only acts on baryons, not on quarks. The 1-body operators that act on

a single quark are ’
. ot
J=¢|=®1
q (2 ® )q,

To— ¢t (1®?>q7 (3.23)
o _ (7 o
G q(2®2)q,

where ¢! are the Pauli matrices corresponding to the SU(2) group with ¢ = 1,2,3 for spin and
A\ are the generators of SU(Ng) with a = 1,..., N2 — 1, which in the particular case of Np = 3
are the Gell-Mann matrices with a = 1,...,8. To apply these operators in a baryon we need
to sum over al the N, quark lines in the baryon, so in this way we can construct a number

operator as
Nc

q'q = Z ¢lq = N.1. (3.24)

=1
In general, the n-body operators with n > 2 can be written as completely symmetric product
of operators of degree n in the baryon spin-flavor generators. For example, a 2-body operator

can be written as \
1a 9 “

Finally, as J?, T® and G* are the generators of the SU(2Np) group, they satisfy a well defined
algebra, given by the relations

[J°, ] = iel* gk e T = ifeere,  [JL T =0
[Ji7 Gja] — iEijkaa, [Ta’ sz] — ifachic’ (326)

[Gm, Gjb] — %5ijfabcTc + 2;[ 5ab€iijk 4 %€ijkdachkc’
F

where € is the fully antisymmetric Levi-Civita tensor, f%¢ and d** are the structure constants
of the SU(2Ny) group [23][24]]19].

3.2.2 Properties of baryons

In this section we will construct some static properties of baryons using the 1/N, expansion,
also considering the first order in symmetry breaking of SU(3). By this way is possible to
construct baryon axial-vector currents, baryon masses, magnetic moments, meson couplings
and hyperon nonleptonic decay amplitudes |25][20], for example.

Axial vector current

The axial vector current A*® transforms as (1, adj). Note that we only use the space components
of the axial vector current because they are the ones which that have nonzero matrix elements
at zero recoil, or equivalently, the time component has been suppressed by the large N, limit.
Now, the 1/N, expansion for A™ can only contain a single flavor contribution (G or T*) by the
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use of the reduction rules. So the only 1-body operator is G and for the two-body operators
we have

Oéa — eijk{Jj’ Gka} — i[Jz,Gw],

, , (3.27)
Dy = J'T*.
For the three-body case
) ) 1 ) ) )
O = {J* G} — Z{J", {J7, G},
Dyt ={J" {J7,G"}},
after this, we can apply the recursive formulas using J? to create n-body operators as
Oia — J2, Oia 7

Dy ={J%. D}

The operators D are diagonal operators because only have nonzero matrix elements between
equal spin states while the operators O are purely off diagonal, so only connect states with
different spin. As a remarkable fact G, D and O form a complete set of linear independent
spin-1 adjoint operators. Then, the 1/N, expansion of A% is [20]

S P 3 6 08 (3:30)
n=2,3 n=3,5

the coefficients ay, b, and ¢, have 1/N, expansions beginning at order are order unitary.
[26](27] 6] [23][20].
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Heavy baryon chiral perturbation
theory in the large-/N. limit

In the way to construct a more efficient effective field theory with better results, a notable idea
is to combine the two formalism of heavy baryon chiral perturbation theory and the large-N,
limit to develop a more efficient theory. Two successes of the combined formalism are the
construction of a 1/N, chiral Lagrangian for the lowest-lying baryons and the renormalization
of the baryon axial vector current[20]. In this chapter, the combined formalism, the Lagrangian
of the combined formalism and the techniques for the renormalization of the axial current will
be presented.

4.1 1/N, baryon chiral Lagrangian

To construct the 1/N, baryon chiral Lagrangian we will use the previous structures of the pion
nonet, the spin-1/2 octet of baryons and the spin-3/2 decuplet of baryons, that have been
presented for the chiral Lagrangian for baryons and as we know, any QCD operator under
the SU(2Ng) has an expansion in terms of n-body operator, so the chiral Lagrangian has
an expansion considering the large N, limit[27][28]|29]. To formulate the Lagrangian we will
consider the baryons as heavy static fields with fixed velocity v* as in the chiral Lagrangian.
Now, the 1/N,. chiral Lagrangian possesses a new symmetry SU(2) x U(3) at leading order
in the 1/N, expansion and also called the planar QCD flavor symmetry [8], it restricts the
complete Lagrangian of the theory and give us the 1/N, baryon chiral Lagrangian at lowest
order as [30]

, o e 1 21
Ebm«yon = BT ZDO — Mhyperfine + TI'(.Ak)\ )Ak + FCTI' (Ak%) Ak:| B, (41)

where the derivative is

DY = 01 + Tr(V°\9)T*, (4.2)

B and B are the baryon fields and the terms inside the parenthesis are the lowest order
contributions to the lagrangian plus higher-order contribution that have been ignored in this
work. All the terms that involve baryons in the Lagrangian, can be expanded using the spin
flavor generators , the flavor indices run from 1 to 9 because we are including the full
meson nonet plus the 7. The operator M denotes the spin splittings of baryon states.
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Also, the axial vector and vector combinations of the meson fields (3.3 that appear in the
Lagrangian have components

voled camg,  a=l e g, (13)

As we said, all the QCD operators involved in the Lagrangian have a well-defined 1/N, expan-
sion, particularly the baryon axial vector current A* is a spin-1 object, odd under time reversal
and an octet under SU(3) that couples the pion axial combination with the baryons, A* is

given by
@
QCD

which has the same expansion than the one given in (3.30)), and in particular for the physical
value N, = 3 it only has four terms as

A = ;G + by— N L pio bngw e om (4.5)

For the octet of baryons, the axial vector coupling is g4 ~ 1.27. On the other hand, the operator
A¥ is a spin-1 object, a singlet under SU(3) defined by
B > , (4.6)

Akc — <B/
Z bl Nn ——D (4.7)

n=1,3

T
ay ’75561
QCD

and has a 1/N, expansion as

with Df = J* and its recursion formula D%, = {J?, J*} for m > 1, in the particular case of
N, = 3 the expansion is truncated to

AR = bt IR 4 byt {J2 J*Y. (4.8)

3 N2
To describe the operator Mpyper fine We will use the expansion of the mass operator given by [§]

Ne—1
M =moN1+ ) my,

n=2,4

A (4.9)

the m,, coefficients are unknown, but considering only the physical case N. = 3 and as the first
term in the expansion is the spin-independent mass of the baryon multiplet, we can remove it
by the heavy baryon field redefinition, then the hyperfine mass operator is only

m
Mhyperfine = ﬁj2 (410)

As important remarks, the N, counting rules for the theory, in the case of baryons with spin
of order unity are summarized in

T* ~ N, G"“ ~ N, J'~ 1, (4.11)
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also, the pion decay constant f ~ N,.. Further, the n-body operators satisfy some properties: In
general, the product of a n-body operator and a m-body operator is a (n + m)-body operator,
but the commutator structure implies

[0 oM = otm=1) (4.12)

so, the commutator reduces the number of bodies of the operator by 1 [31]]20][2§].

4.2 Renormalization of the axial current in the HBChPT
and the large N, limit

One of the first applications of the 1/N¢ baryon chiral Lagrangian is the renormalization of
the Baryon axial vector current using non-analytic meson-loop corrections [8], here we only
consider the one loop corrections to the matrix element (B’|A*|B) by the diagrams presented
in the past chapter. First, the renormalization of the wave function at one-loop is given by the
diagram in fig. that implies [20]

OF (my, Ap, g, )
8ABIB

2pp == Y [A g, [A"p,p (4.13)

J:b,Br

As in our analysis of the renormalization of the axial current in HBChPT the contribution of
the loops will be given in therms of the integral F'(mm, A, ). Working again with fig. [3.2] the
diagram (a) contributes with a vertex inside the loop as [20]

AT = — 3 DAY, A5, 475,
o BB (4.14)
y / d'k (k') (—k)
2 (k2 —m)[k-v — (M, — M) +id[(k —q) - v — (Ma — M) + i¢]’

where ¢ is the momentum of the axial vector vertex. The value of the product ¢ - v depends on
the type of transition of the baryons in the matrix elements, in the case of octet-octet transition
q-v =0 and for the decuplet-decuplet q-v = M — M’ that is the average decuplet-octet mass
difference. To solve the last integral a useful relation is

1 1 1 1
= — 4.1
(O — A i) —Atie A=A, {k’o—A—l—ie WA tic (4.15)

using this relation is possible to recover a structure of the integral F'(m, A, 1) and the correction
for this diagram reduces to

clvertex i 7 c j
[5Ak ]Blé - Z F[A b]B'B2 [Ak |28, [A]b]B1B
J,b,B1,B2 (416)

% F<mb7 Apg, B, /J) - F(mb, Ap,pr, M)

ABlB - ABQB’

Working on the diagrams (b) and (c), it is easy to see that both cases have a separate contri-
bution of the renormalizacion of the wave function and from the axial current vertex, so the
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total contribution from these diagrams is

1
) <Z ZB'B; [AkC]BlB + Z[Akc]B/BQZB2B>

Bl B2

Then, the correction as contribution from (a, b, c) in fig is [30]

1
[6A*] g5 = [6A"] 5 — 3 (Z 2 [A B, + Z[AkC]B/BQZBQB>
Bl BQ

= — Z [Aib]B'BQ [Akc]3231 [Ajb]BlBF(mb, ABlB> M) — F(mb, ABQB/, ,U)

. ABlB - ABQB’
al,b,Bl,Bz 8F (mp, A ) (4.17)
j j My, 2519
T3 Z [A]b]B’B2 [AZb]BzBl [AkC]B1B b 2Bab
2 0AB, B,
J,b,B1,B2
1 , , OF (my, Ap, B,
+ 5 Z [AkC]B'B2 [A]b]B2B1 [A]b]B1B ( abABlBBB Iu) .

J,b,B1,B2

Taking the degeneracy limit of the octet and decuplet baryons the mass differences Asp goes
to zero, it implies that

F(mb7 ABlB7/“L) - F(mlhABQB/aM)

— FO(m,, 0, 1),
Aps — Apy (ms, 0, 1)

and applying the more compact notation [A*] gz — A*¢ where the summation over the baryon
state is an implicit matrix multiplication and using the Einstein convention to sum over the
repeated indices, so the complete correction is

. . | 1 L
5AR = FMW (my, 0, p) (—AJbAkCAJb + EA]bAJbAkC + §AkCAJbAJb) (4.18)
putting the result in a more suitable form by doing some algebra of commutators
1 : ,
ST (my, 0, ) A, [ 4, 4] (419)

Now, the correction that contains a full dependence on A/m is [31]

Al = 5[4, [A%, AR gk — 2 {0, [4%, [M, A7)} 1T,
1 , , 1 ‘ ‘ (4.20)
g (7 1M M9 4] = 5 ([ 4] [[M,A47) 2] )+

It could be probed using a Taylor expansion, also, the tensor H‘(lg) is symmetric and is composed

of the meson loop integrals where we supposed that is emitted a meson with flavor a and then
a meson of flavor b is reabsorbed. Using the linearly independent combinations of the integral
F(mm, 0, ), H?f;) is decomposed as

1 3
H((Ig) _ Fl(n)(;ab + Fs(n)dab8 + Fz(;) 60,85178 o g5ab . 5dab8d888:| 7 (421)
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where
F = % [3F0) (my, 0, 1) + 4F™ (mp, 0, 1) + F™(m,, 0, )] (4.22)
F(n) 2\/_ F(”)(mmO 1) — F™(mg, 0, 1) — %F(")(mn,o,,u) (4.23)
g - §F<"><mm 0.1) = 3 FOmic, 0, + F (im0, 10 (4.24)

we have taken the limit A /my of the function F™ (my, A, ), defined by

O"F(mm, A, )

F(n)(mnaAau) OA" y

(4.25)

these functions are well-defined for the first values of n. In the degeneracy limit A/my = 0 the
integrals F'™ (my, 0, i) are reduced to

» m2 2
FO (im0, 1) = — 1L 4.27
(mH7 7”) 87Tf2 ( )
where 5
Ae = — — 7+ In(4m), (4.28)
€

with v ~ 0.577216 the Euler constant. The corrections of the axial vector current has been
constructed considering the (a,b,c) diagrams so far, and is possible to see that the structure
of the corrections became more complicated as the order of the symmetric tensor H?f;) became
higher, the complication of the structure appears as addition of more commutators and anti-
commutators per term. As an example, the first terms of the correction for the axial current,
at first order in the expansion [4.20] given by the contribution of flavor singlet, octet and 27 are
[12]:
e Flavor singlet contribution

(A%, (A0, AR — {%al %a%bg n N? +66]]\>f2¢ - 54a1b3
N? +NJ:2fc £2 0, N +J(\5é\fc =3 20, 12(%; 3)a1b2b3} e
]\12 [141 a bs + 541 aibs + 2a§c3mg—ﬁa1bzbz - 9(]\276—]\23)&119263} D5+ O(4)
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e Flavor octet contribution
dab8 [Aia7 [Aib, Akc]] —
11 4 2(Ne+3) 5 9 2 o 3 2 6(Ne + 3) c8e ke
ﬂal — 3—Nca1b2 2N2 alb N2 1b3 + —= 2N2 - Talbgb:; de°G
1 2(N.+3 ceSamlic
+3 A ( N )(6a§b3 +aics) — N2 (b + 2a1bybs — 12a,bycs) + 23a bQ}d Sk
10 N.+3 36
— 4(1%()2 + —+(a1b§ + 6(1%()3 + 6a3b3 + 6@%03 + albgbg) {ch TS}
6V, | B N?
1 [ Q(NC _'_ 3) cle c
6N, 11afb2+Tc N2 ]dS {Gkg 7<)
36(N. + 3 46(N. + 3 Sermbe (4.30)
+ 2AN? 27&163 + 65&%53 + 8a363 + —( - )a1bzb3 - —( N >a16203] de Dlg
10 A4(N.+3
+ 5 3a1b§ — 2@%[)3 + 30&%03 + galbgbg {ch, {Jr, GTS}}
6N2 | Ne
1T 4(N.+ 3
RE 3a1b5 + 28atbs — 15a3cs + (—)alebg} (G {J",G™}}
1T 2N, + 3
+ W 12(1%()3 - 2(1,%C3 - QCLJ)QC{;] {Jk, {GTC, GTS}}
1 3 N.+3,. . .
+ — 12N2 [Qale 9a%b3 - 5@%63 - NC (b3 bgbg + 9a1b203)} {Jk {T T8} + O( )

e Flavor 27 contribution

[Ai8, [141'87 Akc]] —

1 1 1 1
[(Za‘i’ N2 —5 (20105 + 2aibs — ajes)) fF59 + 3 (a? e (2a3bs — a?@:a)) chedseg] G*e
1[1 1
i {Ea%(zmcg + 21 [ f59) + N2 (—b3 + 9arbacs) [ f869} Dy’

1 1 T re
+ Q—Mafbg(zdcse{aki T8} 4 d®e{G* T°)) + e <a§b2 + N2a1b2b3z fEGH LI, G }])
1
T [9a105 f5 59 + a} B3(86% + 9% 59 + 6d°d™9) + 6a7csd™*d*|Dg
1 1
5 N2a1b2({ch {T5, T} + 2G5 AT T4 + <5 (daths — ajes)d™{G*, {7, G}
1 1
— W((ﬁ@%bg + a?e3)de{ J*, {G", e (2a2bs — a?c3){G™{G™®, G**}}
1
- m@a%bg + ates){G* {G"3, TE (—2a3bs + 3afc3)d{G*8, {J", G™}}
1
+ W(2a%b3 . a%c;»,)(dSSe{Jk, {Grc’Gre}} + dBSe{Gtke7 {JT’G’I“C}}) + 0(4)’
(4.31)
where O(4) indicates the 4-body or more operators. To obtain the above results, it was nec-

essary to apply each commutator in a quark basis, then expand it in a well-known complete
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operator basis previously constructed in [12]. Now, to include the contribution of the last
diagram, its correction is given by [12]

SAke = —% [T, [T", A¥]] TI, (4.32)

here the tensor I1% is also symmetric and posses an expansion similar to H‘(lf;)

1
Hab — Il(sab 4 [SdabB + [27 |:5a85b8 o g5ab o gdab8d888:| ’ (433)

again, the flavor singlet I, flavor octet Ig and flavor 27 I57 are linear combinations of a loop
integral, in this case

i od% 1 miy [, mi
I _ v _ 11 1 VO 4.34
(mn,ﬂ) 72 / (271')4 k2 — my 1672 f2 {n 112 ] ) ( 3 )

and its respective linear combinations

I = ¢ [3T0me, 1) + A (mge, ) + Iy )] (4.35)
=282 [ tmes) + o)~ 0] (136
ar = ST (ma ) = 5 1Gmic, 1) + Ty ), (4.37)

also it is possible to compute the correction from the flavor singlet, octet, and 27 contribution
[12]

e Flavor singlet contribution

[T, [T, A*]] = 3A** (4.38)
e Flavor octet contribution 5
d(zb8 [Ta7 [Tb, Akc]] —_ 5che‘Akc (439)
e Flavor 27 contribution
(15, (1%, AV = fo oo At (4.40)

and the total one loop in the limit A/mp =0 is

AV = ST (A%, AR — (e (17, A, (1.41)

this is the complete contribution as 1-loop corrections to the baryon axial vector current at
leading order. It is possible to include more corrections, for example the symmetry broken cor-

rections or contribution from other representations, but in this work only the 1-loop corrections
will be considered [32][31]]28][12].



Chapter 5

Results

The complete one-loop correction to the baryon axial vector current have never been explicitly
computed, it was calculated only at certain order but not considering the complete expression
of the axial current in terms of n-body operators.

In this chapter, the one-loop contributions from the singlet and octet representation to
the axial current will be presented and this result will be compared with the result obtained
by chiral perturbation theory to show the power of calculation of the heavy baryon chiral
perturbation theory combined with the large- N, formalism. The 27 flavor representation has
not been considered in this work, it only has been partially computed and included in Appendix
Bl

All the results that will be presented in this chapter have been computed taking A = 0.

5.1 Complete loop corrections to the axial current

To compute the complete one-loop correction of the baryon axial vector current, it is necessary
to consider the complete expansion in n-body terms given by (4.5]), only considering the physical
value of N, = 3, and replacing it in the loop correction (4.20)). The first order contribution to

is given by the commutator:
A%, [A, AN (5.1)

so, all the contributions will be given in terms of commutators as involving operators
Gke, Dhe) D¢ and O that also are divided in flavor singlet, octet and 27 representation
contributions, the complete expansion is in Appendix [B]

With all the commutators expanded in a basis of spin-flavor operators it is possible to
compute the matrix elements in different processes, we only need to include the coefficients a4,
b, bs and c3 to have the complete expansion of the axial current in the large N, limit. Some
examples are presented below.

The singlet contribution of the matrix element of the renormalized axial current of the
neutron-proton process is given by

. 115 7 19 7 169 19
<n|Ak |p>1 = ma? + Ra%bg + 4—86L1b§ -+ m g - %albgbg + mbgb;;
247 169 247 11 37 193
b2+ ——bob? + ——b3 — —alc; — —aybobs — —ayh 5.2
3™ T 10967 T 3gs s T 12 T 3™ T g (5:2)
11 37 193
— 4—8G1C§ — m ch — 4—32b3C§7
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and the octet contribution is

55 127 , 11 5 ., 419 , 109

Ake T aPhy — — b - —p3 - — i bob
<n’ ’p> 288\/— 288a1 2 288a1 2 238 D) 864\/§a1 3 432(11 203
ERINNTH 3V3 W+ 109 ) 1, 47 (5.3)

——byb5 + by — a’c
2592v/3 2% 323 ° 723 1
59 9287 A7 5, 287

a1bobs — aybscs — boc? — —20 2.
RN R TV R 288\/_13 288v/3 © 0 864y/3 O °

Other example is the A — X1/~ process, where the singlet contribution of the renormalized
axial current is given by

_I_
Y NCEY

23 V2 5 5
<A|Akc|2+/ > 24\/_ 3 \/_ % o + 24\/_61,1(72 \/_albgbg + 79 \/_bzbg
47 5 47 1 V3
4+ a2+ + —=b3 arbob 5.4
N 54\/’23 648\/_ \f” 22 (5.4)
13 1, V3, 0, 13

——1bscy — ——=a1¢2 — ——=bycZ — ———=bsyc2,
9\/6133 4\/613 8\/523 36\/633

while the octet contribution is

11 V2 1 71 1
A ARe| s+~ @ — Y202y — b — — %y — —aybob
(AJATIET)s = 1442 9“12 48\/_a12 4322 1 T 18y R
1 1

13+

1
) b+ a’c 5.5
144f 2 432\/‘ 108\/_ babs - 3888v/2 ° | 122 1 (5:5)
5,0 AT

a1bscs +

by — —— —byc ;
36\/_123 108\/_ 48\/_13 144727 432\/‘33

these results were obtained using the large N. expansion, with the physical values of N, = 3
and Ny = 3.

5.2 Comparison between ChPT and HBCHhPT in the
large- N, limit

Now, as the chiral coefficients are related with the large N. coefficients at N, = 3 for the axial
current by [§]

1 1
D= 5(11 + 663, (56)
1

11
F=—a+ =by+ ~b
S+ by + Sbs,

1
C = —a1 — —<C3,

2
3 3 5
H=—=a; — —by — =bs.
27t 27 27
Using these coefficients is possible to compute the matrix elements by the constants defined in
chiral perturbation theory for each process. Some processes are presented below: In the case
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of the neutron-proton matrix element, the flavor contributions are given as linear combinations
of the following factors [31]

1 1 0

all) = Z(F+D)3+§6(F+D)CQ - 2—1%(72 - (% (F+D)2+262) (D+F),  (5.7)

(2) 1 3 2 2 3 1 2 10 2

aly :5(—3F +3F?D —~FD +D)+§(F+3D)C - e
L ) (5.8)

—(5(9F —6FD+5D)>(D+F),
1 1

al¥) = —o5 (F+D)(3F - D)* — 5 BF - DY (D +F). (5.9)

The complete flavor singlet contribution is expressed as a linear combination of the coefficients
as

(n|A*|p)y = = (af,) + o) + af))) | (5.10)
and the flavor octet contribution is given by
he Llow_le_,®
<7’L|A |p>8 = _% Appy, — §apn — Qpy | - (511)

In the case of the A — £/~ matrix element, the flavor contributions are given as linear combi-
nations of the following factors [31]

2 2 1 10
(1) 2 2 2 2
a _=——=D (6F*—-D*)+ —=C (2F+ —D) — ——=HC
Sl VG ( ) 3v/6 3 27./6 (512)
2 11 ’
— —_D(3F?42D?+ —(C?
V6 ( TR ) ’
(2) 1 2 2y, S o ( 2 ) 5
a _=——=D(F°"-D )+ —=C | F+-D | — —=HC
2 4 ’
—D (6F*+2D*+ —62)
V6 ( 3
3) _ 2 2 2 2 ( 2 1 2)
a _=—=D(D"+C)— —— | D"+ -C"). 5.14
AR 306 ( ) V6D 4 (5.14)
The complete flavor singlet contribution is expressed as a linear combination of the coefficients
as
. _ 1 2 3
(A| AR S ~)y = — (a(A%H_ +al? + aE\%H_) , (5.15)
and the flavor octet contribution is given by
AlAkers -y, — L o 1 (3)

These results are totally equivalent to the results given from Eq. (5.2)) to Eq. (5.5]), for the
values of the chiral coefficients given in ([5.6). In other words, both approches are equivalent
for N, = 3.



Conclusions

In this work has been computed the complete 1-loop renormalization for the singlet and octect
flavor contributions at leading order of the baryon axial vector current in the combined formal-
ism of heavy baryon chiral perturbation theory in the large N, limit, based in an expansion on
the spin-flavor symmetry and its operators for the physical value N. = 3 and taking A = 0
which is the baryon mass splitting. Then, these results were compared with the heavy baryon
chiral perturbation theory through the computation of the matrix elements for SU(6) states.

The contribution given by the 27 flavor representation has been partially computed, but
it is still unfinished because it represents a more complicated computational problem than the
other representations. The operator reductions for this contribution has been included in the
Appendix [B] but as it is incomplete then it was impossible to include its comparison with
HBChPT.

From the results, it is possible to conclude that the renormalization of the axial current in
the heavy baryon chiral perturbation theory in the large N, limit is totally equivalent to the
result for the renormalization procedure only using the heavy baryon chiral perturbation theory
formalism even though the calculation procedures are too different, here has been considered
for first time the complete replacement of the expansion in spin flavor operators at N, = 3 in
the 1-loop correction at leading order and that is the reason which makes possible to found
the total equivalence between the two formalisms. The importance of found the equivalence
between that the chiral formalism with and without considering the large V. limit lies in the
fact that the large N, framework give us a very systematic expansion of every QCD operator
and this systematic expansion does not appear in the heavy baryon chiral perturbation theory,
that is a more intuitive and technical formalism, so is more difficult to work in there.

As future perspectives for this work are considered the complete computation of the renor-
malization including the 27 contribution, then the numerical evaluation of the chiral coefficients
D, F, C and H. Moreover, the results from this work will be useful for the computation of the
quadrupole momentum operator in the large-/N, limit
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Appendix A

Lie Algebras and Group Theory

The mathematical structure of the gauge theories is based in the Lie algebras and Lie groups,
that is the reason why this is a necessary topic for all of the theoretical physicists in high
energy physics and related areas. In particular, this work is based on the SU(N) group, that
is the special unitary Lie group, this is one of the must important groups in particle physics
and interesting quantities can be expressed as a representation of this group as the spin, flavor,
color, etc. Some important definitions and structures are presented bellow [33].

Definition 1. An algebra 2 is a vector space endowed with an additional binary operation
o : A x A — A that only needs to be bilinear. i.e. e satisfies:

(x4+y)ez=xey+xez (A.1)
re(y+z)=cveyt+xrez (A.2)

Definition 2. A Lie algebra g is an algebra in where the bilinear operation is the Lie bracket
[,]] : @ x g — g, it has two important properties, antisymmetry and Jacobi identity denoted
as:

[:U7 y} = _[yu 1:]7 (AS)
[z, [y, 2] + [y, [z, 2] + [z, [, 4]] = O, (A.4)
for all x, y and z € g.

If the Lie algebra is an associative algebra with a product %, the lie bracket is the commutator
with respect to the original product, it is:

[T,y =xxy—yx*zx (A.5)

As a Lie algebra g is a vector space, if it has dimension d then it will be expanded in terms of
a basis B such that
B={T"a=1,2,..d} (A.6)

where T are the generators of the algebra and every element in g can be expanded in terms
of them. Through the Lie bracket, the generator of the algebra follow:

T°,T" = f°T°, (A7)

the fo tensors are called the structure constants of the algebra g, these constants are elements
of the adjoint representation of the algebra [34].
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Remark. An abelian Lie algebra is a Lie algebra which satisfies [g, g] = 0.

The other important structure in this works are the Lie groups, but before define it is
important to introduce some previous concepts.

Definition 3. A group g is a set of elements {g;} also called group operations, with a multi-
plication operation o that satisfy the next axioms:

e Clousure. g;og; € g for all g;,g; € g

e Associativity. (g; 0 g;) o gr = gi o (gj © gx) for all g;, g;, gk € g

e Identity. Exists an identity element e such that, g;0oe =eo g; = g;, for every g; € g
e Inverse. For every element g; exist and inverse element g; ' such that g; o g; ' = e.

Now, the modern formalism of mathematical physics applied to gravitation and high energy
physics is based in differential topology where an important concept is the idea of a manifold,
that in a intuitive way is defined as a space that is locally Euclidean, i.e. the space look
Educliean in a small scale everywhere, then a more complex structure is make it differentiable
[35].

Definition 4. An n dimensional differentiable manifold M is a topological space provided of
a family of open sets {U;} which covers M, so M = U;U; with a collection of homeomorphisms
{¢i}, ¢i - U — U] with U] is an open subset of R" and given U; and U, such that U;NU; # @,
the map ¢;; = ¢; 0 gzbj_l 9, (UiNU;) = ¢;(U;NU;) has an inverse and is infinitely differentiable,

this is a very important definition, because a lot of mathematical structures as tensors,
spinors, differential forms, covariant derivatives, etc., are based in it. Finally, is possible to
define a Lie group in the following way

Definition 5. A Lie group G is a differential manifold M with dimension n that parametrizes
the group operations g(x), with the multiplication operation g(z) o g(y) = ¢(z) where the
coordinates x, y and z are in M and z depends on x and y by z = ¢(x,y). The map ¢(z,y)
and the inverse operation g~'(z) need to be differentiable for every z,y € M.

An important example of Lie group es the U(n) group, that is the unitary group which
consists of the n x n complex matrices A = (a;;) with AT := AT = A1, AT denotes the
hermitian adjoint of A and SU(n) is the special unitary group that implies det A = 1. The
number of generators of the SU(N) group is n? — 1.

Also, exist a direct connection between a Lie algebra an a Lie group, this connection is given
by the exponential map (frankel):

Definition 6. The ezponential map is the map exp : g — G, that sends A ~— e, is a
diffeomorphism (differentiable isomorphism between manifolds) of some neighborhood of 0 € g
to a neighborhood of e € G.

Theorem 1. Using the exponential map det(e?) = et

Remark. The past theorem implies that if a representation of the SU(N) group the unitary
n X n matrix with determinant equal to 0, then the generators (elements of the algebra) are
n X n traceless matrices.
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The direct application of all of these thing is in the gauge groups in the quantum gauge
field theories. As the group associated group to the rotation invariance of the spin SU(2), the
flavor symmetry related to the SU(Ny) group or the color charge with the SU(N,) group, in
particular both have the physical value Ny = N, = 3, so the general explanation of SU(2) and
SU(3) is presented next:

SU(2)
It is a three parameter group and has a representation given by the 2 x 2 of the form
U(ay, ag, a3) = exp{io;o;}, (A.8)

where o; are the Pauli matrices, that are 2 x 2 hermitian traceless matrices given by

S N () Y (R HR®

and the generators of the group are defined as J; = 0;/2 and satisfy the commutation relation
[Ji, J]] = iEiijk, (AlO)

where €;;, is the Levi-Civita tensor, it is a totally antisymmetric tensor with €93 = 1. The
SU(2) group has a invariant element:

JP=Jt+ J5 + Jj, (A.11)

this operator is also called the Casimir operator of the algebra and it commutes with every
generator J;. Almost every Lie algebra has at least a Casimir operator [36].

SU(3)

This group is a group with eight parameters. Taking the representation of the 3 x 3 unitary
matrices with determinant equal to cero

U(at,...,a®) = exp{ia®\*} (A.12)

here A* are the 3 x 3 traceless hermitian matrices also called Gell-Mann matrices and given by

010 0 —i 0 1 0 0
M=[100], M=[i 0 0}, NM=|0 -1 0], (A.13)
000 0 0 0 0 0 0
00 1 00 —i 000
XM=100 0], NM=(00 0], N=100 1],
100 i 00 010
00 0 L (100
N=|00 —i], N=—1[01 0],
0 i 0 V3o 0 -2

these matrices have the normalization condition

tr(A?A) = 209 (A.14)
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and the generators 7% = ’\—;satisfy the commutation relation
[T, T"] = if*Te (A.15)

where f%¢ is the structure constant of the algebra and it is an totally antisymmteric tensor
with nonvanishing values.

1
f123 =1, f147 _ f246 _ f257 _ f345 — 1 (A.16)
f156 _ f367 _ _1 f678 — ﬁ
2’ 2

also, the group satisfies the anticommutation relation
1
{1, 7"} = gaa% + dobeTe, (A.17)
d®e is a totally symmetric tensor with nonvanishing values

d118 — d228 — dd338 — i d448 — d558 — d668 — d778 — 1 (A18)

V3’ 2v/3

588 — b JM6 _ 15T _ 256 _ g344 _ 355 _ 1
\/§>
J24T — 366 — 337 — _1’
the tensor f®¢ can be computed by the generators as
fob = —2itr([T°, T|T°), (A.19)
and for the tensor d**
d*? = 2r({T°, T"}T°), (A.20)

[34] [36].
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Operator Reductions

The complete expansion in the operator basis of the commutator (5.1]) of each operator in the
N, expansion for the axial current are listed bellow:
e Flavor singlet contribution:

2

ia ia kel
[G 7[G >G H_ 4Nf

G*e, (B.1)
(G, (G, DY) + [P (G, 6] + (G [P, G =
2N, + Np) 4o ONF+8Ny—4_, (B.2)
(& D C
Ny G AN 27

(GG Dy + D3, (G, Y] + (G [DY, G) = —[Ne(Ne + 2N5) — 2Ny + 8]G*
13N7 +16N; —12__, N7 +2N; -8
D5+ ——————0;5
ANy Ny

. (B.3)
- 3<Nc + Nf)D2c +

(", [G™, 05 + [0, [G™, G¥]| + [G™, [0, G™]] = —[Ne(Ne + 2Ny) — Ny G*

1 1 15N2 + 12N, — 4 (B.4)
— 5 (Ne+ N)D* + 5 (Ny + D)DE + ! v o1
f

[Gmu [ID;av DISCH + [Déaa [Gm7 IDSCH + [D;av [ID;av ch“ -
Ne(Ne +2Np)(Ny —2) =6NF - 2(Ne+ Ny)(Ny = 1),
C D C
oN, G™ + N, 5 (B.5)

1 1
+ BNy +2)D5° + SN 05,

(G, [Py, DY) + (D5, [6, DY) + [0 [P, 6]
+[Di, [}, GH]) + (6, [Df" DY + [P [6, DY)
(Ne+ Nyg)(TNy — 4)

= —12(N, + N§)G* + [N(N. + 2N;) — 2Ny + 8] D¢ + N
!

Die (B.6)

3N? — 4Ny — 4ch
Ny 40

L 2Ne + NN, —4)

Okc
Ny 3t

44
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(G, (D5, Of7] + [P [6*, 047 + [P [04".G*]
+[05,[Df, )] + [6, [0}, D)) + [0}, [, D]

3 9
= —i[Nc(Nc +2Ny) — 8Ny D5 — §(Nc + N;)Dj¢

2<NC + N ) c C
- Tfo’g + (3N + 10)Df°,

ia ia . NC<NC+2Nf)(Nf—2) — 2N? . 1 .

(G, [Py, DY) + [D§, [, DY) + [P, [Py, G
= —6[N.(N, + 2N;) + 2N;|G* + 6(N, + N;)D5¢
NeN¢(N.+2Ny) + 12Ny (Ny — 2) + 8
Ny
3(N} + 2Ny — 1) e N N7 +8Np—20 .
2Nf 5 Nf 5

+ 3[N.(N, + 2Ny) + 2N; — 2|D5e + Oke

— 3(N, + N;)Dke +

G, [0, OF]) + 05,16, 04]] + [0}, (04, 6]

3 1
= ——N,(N.+2N;)GF — Z[NC(NC +2Ny) — 6N D5

3
[13N.(N. + 2N;) — 38N; — 12]O5¢ — Z—l(Nc + N;)Dj¢

+
ANy

1
(Ny + 3)DEe + 5 (11N + 16)O%e,

(G, [y, OF] + [P [G" OF7] + [Py, (04,6
+05.1D5. G + (6, [0, Dy + (0§, 16", D]

(B.7)

(B.8)

(B.9)

(B.10)

— —24(N, + N;)Dk¢ — 3[2N.(N, + 2N;) — 5N Dk — [N.(N, + 2N;) — 2N; + 8]0k (B.11)

N? +2N; — 8
— 5(N. + Ny)D5¢ + (5N; + 11)DE* + %O’gﬂ
f
Dy, Dy, D)) + D3, Dy, D5°]] + [DF, [D, D5e]]
N,(N. + 2N;)(N; — 2) — 6N?

I ke
- D
2N; 3
4(N. + Np)(Ny — 1 1
G J(Q( ! )ijc+§(3Nf+2)D§C,
f

DY, (D5, 0F) + [P [0F, D] + (0, [P, D]
NC(NC+2Nf)(Nf—2) — 6N 1

2
— f@kc - Okc
2N, A

(B.12)

(B.13)
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Dy, (D', D§°T) + (D, (D', D7) + [y, [y, D7)
= —6(N. + N;)D5 + [N.(N. + 2N;) — 2N + 8| Dke
N.+ N;)(TN; — 4 3N? —4N; —4
L N+ Np)(TN; )Dlgc+ f £~ e
Ny Ny

Dy, [0}, 0] + [0}, (7§, 04 + 0% (07 D]
2(Ne + Ny¢)(3Ny — 4)

= —12(N, + N;) O +
Ny

ke
O:°,

Dy, [Py, O] + [Di, [Py, O3] + [D3', [0, Dy
+ [0, [Py, D5)) + [Dy, (0%, D5] + [OF, (DY, D)
3 C C
= —i[Nc(Nc +2N) — 8N{|D5¢ — 6(N, + N;)D§
1 kc
— Z[E)NC(NC +2Ny) — 58N — 48]Dh

11

7 (N, + N;)DE + = (3N; + 14)Dge,

1
2

(DY, [Dy, 05] + [OF, [Dy, DY) + [DY, [05, D5)

= —2[N,(N. + 2N;) 4 2N D5 + 4(N, + N;)Dke

N7 42Ny —4

+ 2[N,(N,. + 2Ny) + 2N; — 2]DE¢ — 2(N,. + N;)DEe + ¥
f

kc
D7 3

[Dy, (0%, O] + [OF, [Dy, 05] + (0%, [O%, D]
[NoN¢(N. + 2Ny) + 12N? — 24Ny + §]
Ny

= —6[Ne(N. + 2N5) + 2N O + 05"

2
Ny o

. . 3
[Die, [D, D] = — 24(N, + Np)DJ* — S[EN(N, + 2Ny) — 8N/ DY

— 26(N, + N§)DE¢ — 2[2N.(N, + 2N;) — 11N} — 6] D¢
7

1
-5 (et N;)DEe + 5 (BN; + 17)Dke,

o 1
(O[O, O5]] = — =N(N,. + 2N;) Ok — 7IONe(Ne +2N5) — 34Ny — 12] Oke

(G288 \VN V]

+ 5(Nf + 2)Oke,

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)
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e Flavor octet contribution

. A 3N2 16 N2
dab8 [C;na7 [sz, ch“ — 8Nf cheer 2N2 5c8Jk <B21)

dabS([Gm’ [Gib, DSCH + ['Déa, [Gz‘b7 ch“ + [Gia, ['Déb, chn)
2(N. + Ny) (Ne+ Ng)(Ng —2

1
- _ c cheer )508Jk (5N 8 cheDke
N; * N? + 5 (ON +8)d™ D, (B.22)
2 ke N} +2N; o, Np+2 .
- E{Gk aTS} + fQ—JVf{Gkg T } +— s [J27 [Tgv Gk ]]a
dabS Gia, Gib’:ch 4 zz)ia7 Gib,ch + C;ia7 Dib’ch
3 3 3
_ (Nf o 8)d086er _ 3NC<NC + 2]2\[]{2 — 8Nf + 16508Jk . (Nc + Nf){GkC,T8}D’2w
!
3 3 5N? + 12Ny — 16
_ Q(Nc + Nf)dc&z + §(Nc + Nf)[JQ, [TS’GkC]] + f 8N f dcgeD§€
f
N Ny—14 Ny+4)(Np—1 B.23
( / +g?]\([f f )dCSGOI;e + ( f + ]1[(? f )508{J2’Jk} ( )
N+ 4)(Np — 1 " vens 3 .
+< f ])V(ff ){Gk8,{J,G }}—Z{Jk,{T,TS}}
k rc 8 N 4 kc T T8
(G, 67, OF]) + (05,6, 6] + (6™, [0F.GM])
N N.(N.+ 2N 1
_ deCSEer o ( 4];/: f)chJk o Z(Nc + Nf)dCSEDIg’e o (Nc + Nf){ch,TS}
N7+ Ny—38 TN} +8N; — 16
_ 2 8 ke f f c8eyke f f c8e myke
(Ne+ Ng)[J2, [T°,G™]] + 1N, d““Ds° + SN, d°O; (B.24)
c oo 1 e 1 c
+ (N + 2{G AT G = S (N + 2{G {7, &7 = {5 AT T
N7 +Ny—38 2N7 4+ Ny —8
' f {Jk {Grc GT‘S}}+ f f 508{J2 Jk}
2N, 2N?
4G, (DY, DY) + [, (G, D] + [Df [DF. G])
— _§NdeSeer + (NC + Nf)(Nf — 4) {GkC,TS} + (NC + Nf)(Nf — 2) {GkS,Tc}
2 2N, N;
1 3 1 (B.25)
+ g (Ne+ Np)[J?, [T%, G| + S Npd*™ D5 + Z(N — 2)d*°O5°
1 Nf

{ch {Jr Gr8}}+ {Gks {Jr GTC}}—F {Jk {Tc TS}}
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(G, [Dy, D)) + D3, [G*, D] + [Dy, [DY, G*]
+[Dy, [Dy, G + [G™, [Dy, D3]] + [Dy', |G, Dy<]))
= —6(N. + Np)d®G* — 3(N; — 2)d®* Dy — 6{G™, T} + 2(N; + 1){G*®, T}

N2 +8 3 N.+ N¢)(N; —4
4 J;V [J27 [TS, ch]] 4 Q(Nc T Nf)dCBeD?lfe + ( + ;\2( f )dCSeOlge
f f
2(N.+ N¢)(Np — 2 2(N.+ N¢)(Ny— 2
+ ( ]{[)( f ){ch’ {JT‘)GT‘S}} + ( + ]\f[)( f ){GkS’ {JT7G7"C}}
f f
NC+N c 3 c8e e c T r
= AT TR+ S (N = 2)d™ Dl — (Ny + (D57 {7, 67} (B.26)
3N, —8 N? 43N, -8
+ADIS AT, G} + PG T+ (P G T
f f
N2+ 4N; — 8 1
+ =y AT G = {8 67 {7, 6

4 é{JQ7 [GkS, {JT"GTC}]} - %{[J2,ch], {Jr’ GT‘S}} 4 %{[]2’ GkS], {JT,GTC}}

n é{ﬁ, (™, G}, {7, G783,

(G, (DY, O] + (DY [G*, 047] + [P, [0, G

+ [0}, [DY, G + (G, [0F, D) + (0%, [6*, D57

(Ne+ Ng)(BNg +8) 2(N. + Ny)
AN, N;

— 6NdeSeD§e _ cheDl?::e _ cheolge

(Ne + Ny)(Ny = 2)

3N+ NI AT T - 2 {75.4G™, G}

1 N,
2N, + N) (N — 2 1 2
+ ( + f)2( f )508{(]2’ Jk} + _(Nf —|—9)dC8ED§e o —{JQ,{GkC,TS}}
Ny 2 Ny (B.27)
N2 +9N; +4 ON, — 4
f f ke T T8 _ f k8 T rC
+ 2Nf {DQ J{J ,G }} 2Nf {D2 J{J ,G }}
N2 +2N;—4 1
+ LG T 4 SNy + 2{ [ (T8, G2}
ON; 1
15 2 kc T T8 15 2 k8 T rc 15 2 kc T T8
__{Jv[G a{‘]>G }]}+_{J7[G 7{‘]7G }]}__[‘]aG ]7{‘]aG }}
32 32 32
15 r e 15 m  ,yme r
+3_2{[J27Gk8]7{‘] 7G }}+3_2{Jk7[{‘] 7G }7{‘] 7G8}]}7
dab8[p§a’ [D§b7D§cH — %dCSeDlzce + (NC + ]\;J}z/v(Nf _ 4){(]1{:, {TC,Ts}}
4 (B.28)

N
4 IdeSerZ)gfe + {Dlgc’ {JT‘,GT‘S}}’
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" (G, [P, D)) + [Py, [G™, D) + [Di, [DY, &)
3N.(N. + 2Ny)
Ny
+ 2(N, + Np)[J2,[T®, G*)] — 3d*DEe + (N — 14)d*O%e

5N? — 10Ny + 16 TN? —2N; — 16

ke T T8
(U L TR s

LT TP — 6Ny~ {5 (GG}

= —6NpdoeG™ + 5B JF + 3(N. + Np)d®“DE — 6(N,. + Np){G*, 7%}

{G«kS7 {JT,GTC}}

3[Ne(N. + 2Ny) + 4]

568 2 k
N {7205

3
— 5 (Ne+ Np)d™*Di* + 5(N + N){Dy" {J", G"}} + (Ne + Np){J* {G™, T*}}

2
+2(N, + N){J2, [J2, T8, G*))} + 9]?;\[ {J2,[G™ {J",G"™}]}
(B.29)

9N 2 B8 [ e INg =8 o ke [ v w8

8§Vf {2, [G* {7, G} + szf{[‘]’G LA, G}

IN 2 k8 r e INy -8 k m yme r 8
—8f—Nf{[J,G L {J7, Gy - 8§vf {5 [T 6"y {07, G

(Ny +8)(Ny —4)

+ 2Ny + 2)a Dk Ok P (T T

2N,

+ 6<N]<f_ 4){J2’ {ch’ {JT‘,GTS}}} 4 N]% +]6\7Nf B 8{J27{Gk8’ {Jr7Grc}}}
f f
2 k rc T8 2N]% + 3Nf —4 k T rc m m8
+3(Ny = D5 TG, G ) — N, ITAR ORI R DA I

3
+ _568{‘]27 {J27 Jk}}a
Ny
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4 (G, [0, OF]] + [0, [6*, O] + (0%, [0, G])
N2 4
= —§(NC + Np){G™, T8} — 2(N. + N)[J?, [T%, G*)] + —L——d**Di*
2 2Nf
; %(zuvf T 3)dH0k + }1<11Nf FOGR [T, G™Y) — [N, +0){C, {77, G}
Nf ~ BNNy(N. +2Ny) — 8N? + 32

k: rc r8

668{J2, Jk}

3 c8e-yke 11 r e
—g(N + Np)d™ Dy + —(Ne+ Np){D5*, {J", G"}}

4
13 7
- (e + Np){J? {G™, T*} ) — 7 Ve + Np){J2, 12, (T8, G}
3[NcNf + GNJ% + 10Nf ]
a 64N,
3|N.N +6N2 4+ 10N, — 32
+ [ / f / ]{JQ’ [GkS’ {JT,GTC}]}

| 64Ny ] (B.30)
S[N.Nj +6N? + 10N, —32] .

3[N.N; + 6N? + 10N} — 32]
* 64N,

3[N.N; + 6N? + 10N} — 32]
* 64N,
L V73N -8

SN,
1

+ Q(Nf + 3){‘]27 {ch, {JT7 GTS}}} - Z(ng + 8>{‘]27 {Gk87 {JT7 GTC}}}

N7+ 3Ny —16
AN

{JQ’ [szc, {J’I’}G?"S}]}

{[JZ’ Gk8]7 {JT, Grc}}

{75 [T, G AT G}

1
cheDIge + Z(ng + S)dCSeolge

{(]2’ {Jk7 {Grc’ GrS}}}

3 2 k c 8
_1_6{J ’{J 7{T’T }}}_

2N? + 5Ny +4
a AN

2N7? + 3Ny —

8
4N]% 568{‘]27{J27Jk}}7

{75 T G AT G +
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d([G™, DY, OF]] +
+ [05, DY, G*)) +
12N.(N. + 2Ny)

- _ 5B JF —12(N, + N;)d®*Dse +

Ny
+ (Nj — 8)d™*O5° —
5Ne(N. + 2Ny)

D5, [G*, O5°]] +
(6™, (05, D] +

D5, 105, G™]]
05", [G*, D))

1
5(7Nf — 8)dDke

6{7° (T, T5}} + 8(N; + D{J5 (G, 6"}
— 32N + 16

2N,

— L(Ne+ Np{D5" {J", G"}} =

3

Ci 5 coe e
6B, JF} — 5 (Ne + Ny)d seph

(Ne + Np){J%,{G™, T} }

+ 5 (Ne+ N2, [, [T%, G*]}

2

3NNy + 18]\/? — 12Ny — 116 9 tke 7 w8
v v (2 (64T, G}

3NCNf+18N2—12Nf—116 . e
- ! {J27 [Gk87{J , G }]}

32Ny (B.31)

3NNy + 18]\/? — 12Ny — 116 9 ke .S ’
+ o (2,6 {7, 6™

3NNy + 18]\/? — 12Ny — 116 o kS . e
- v (172,GM, (7, 6™

3NNy + 18]\/? — 12Ny — 116 " e v
- Y, LR [T G AT )

N? 4+ 5N, —8 (Ny+6)(Ny—4)

f f c8e ke f f c8e ke

——d“°D d
* 2Ny 5+ 2Ny s

Ny —4 c r (N +4)(N _1) r e

AR AT ) R et CAL AN ARG

5 (& N2 B 3Nf B 8 rc T
R ICA AU 0 Ry v G A A B

2N7 + 5Ny +4 2N7 + 5Ny — 8
+ f S {Jk7 {{JT,GTC}, {Jm,GmS}}} + f . f 5C8{J27 {J27 (]k}}’

Ny Nf
d*([Dy, [Dy, D5°]] + [Py, [Py, Dy°]) + (D5, [Dy', Dy7]
3 2(N.+ N¢)(Ny — 2
— __Nfdc8eDl§e 4 ( + f)( / ){D507 {JT7 Gr8}}
2 Ny
(NC+N )(N _4> T e 1 c r oo
+ o ADE TG+ {2 (G AT, G
! (B.32)

o _{JQ [GkS {J’/‘ Grc}]}+ {[J2 ch] {Jr Gr8}}

— Z{Jk7 [{Jm,GmC}, {JT‘7GT8}]} 4 ZNdeSSDIEfe

{[]2 Gks] {Jr G’/‘c}}

it {Jz (AT T

+{7 {7, G AT, G
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d®([Dy, [DY, 053] + [Dy, [0, D] + [OF, [Dy, D5°]])

_ _§ deSeolge - (NC + Nf)(Nf — 2)

2 N,

N, + N;)(N; — 4 o

R TINED ps royy +
N,

N (Ne + Ny)(Ny —2)

Ny
7 2 ke T r8 7 2 k8 T rc 7 2 ke T r8

+ % [J27 GkB], {Jr) Grc}} 4 %{Jk7 [{Jm, Gmc}7 {Jr’ GrS}]} 4 }l(Nf . Q)dc&eolge

{Dy {77 G}

(Ne + Np)(Ny —4)
ON;

{J2’ {ch7 T8}}

{2(G, TN} + 3 (N + )L L2, 15,64
(B.33)

+ %{JQ,{G]“C’ {JT)GTS}}} + %{J2, {G/k:87 {Jr7Grc}}}

_ %{J’“, {7, G}, {T™, G},

d"*([Dy', [Dy, D5°]] + [D5, [Py, Ds]] + [Dy', [Dy’, D57]))
= —3(N. + N;)d®DE — 3(N; — 2)d®*D}e
+ 2<Nf + 1){ID§C= {JT7 GTS}} - 6{D§87 {JT7 GTC}}
N.(3Nj —4) +4N7 — 6Ny —
+
8N;
N.(3N; —4) + 4N? —6N; — 4
R N AR P
8N;
Ne(3Ny —4) +4N7 — 6Ny — 4
8N;
Ne(3Ny —4) + 4N} — 6Ny — 4

. 8Nf {[J27 GkS], {Jr’ Grc}}

4{(]27 [ch’ {Jr7 GTS}]}

+ {[JQ,GkC],{JT7GT8}}

(B.34)

N.(3Ny —4) +4N? — 6Ny — 4 e mer
- ! (T8, [{T™, Gy {T7, GT8Y]}
8N;

1
(Nc+Nf)dCSGD’§B+§(Nc+Nf){J2,{J’i{TC,TS}}}
(Ne+ Ny)(Ny —2)

Ny

{72 4Dy {J". G} +

L3
2
2

3
{Jk’ {{JT" G/«rc}7 {Jm’ GmS}}} + E(Nf . 2)d086plge

Nj+8
Ny

TN; —8

Tf{J27 {,D12687 {JTv GTC}}}a
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d"™([Dy', (07, 05°]] + (05", [Dy, O5°]] + |05, [0, D57]))
= —6(Ne + Np)d™O5° — 2(Ny + D{D5*, {J". G"}} + 6{D5", {J", G"*}}

2

ke 8 2 k8 Nf+8 2 172 (78 ik
— 6{J% {G", T®}} + 2(Ny + 1){J?, {G*, T}} + Tf{J 2 [T, G}

~ Ne(29Nj — 28) + 42N} — 116N, — 16
32N

. N.(29N; — 28) g;ﬁ\f} — 116Ny — 16{J27 [EaRuiNea)!

~ N.(29N; — 28) J;;;iv; — 116Ny — 16{[J2’ G {7, G

.\ N(29N; — 28) J;,;ifiv? — 116Ny — 16{[J2, GRS, {7, G}

RAIVEED g;;ivf O B G 4 G

(NC+Nf)(Nf_4> c8e ke 2<NC+Nf)(Nf_2
+ N, d“*O° + N,
2(N.+ N¢)(Np — 2 e
+ ( f)( f ){JQ,{G}CS’{J .G }}}

{JQ’ [ch7 {JT, GTS}]}

(B.35)

>{J2’ {szc, {JT, GT‘B}}}

N
_2(N.+ N]é(Nf — 2){Jk, ({J7, GV, {J™, G )
B Nf%ff‘g{ﬁ,{p AT - SN B Dl L, G
3Nf SN =8 2 2 gahe TR + W#{J%{J%{G’“B,TC}}}
+ %{ﬂ, {72, [, [T%, G*])}} - i{ﬁ, {72, 1G™ {7, G )]}

P PGS T GV — P A R LT 6P

PGP G + LA 8 L™ 6P AT 6PN,
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d"*([Dy', [Dy, O3] + D5, [DY, O5°]] + [D5, [OF, D5°]]
+105", [Py, Dy + [Py, (05, Dy*]] + (05", [Dy', Dy°]))

2(N+1)NC+N)06 e 3 c
! N(f Pde Dl — S(Ne+ N LM AT, 1%

= 6Nd*°Dj¢ —

2(Nc+N)(N _2) k rc 8 2
- ]{[f L 2% (G, G +

(Ne + Ny)(Ny —2)
N}

(568{J2, Jk}

3

1
- 1(231\9 +24)deDEe + Z(N; + 4){D5¢, {J",G™}} — 6{D5®, {J",G"}}

2
NC(49Nf + 72) — 12]\/? — 215N, — 24 2 ke r T8
o N {5167 4T, G}
NC(49Nf + 72) — IQN? — 215Ny — 24 2 k8 T e
_ G, {5, (6™ 4T, G}
Nc(49Nf + 72) — 12]\/? — 215Ny — 24 2 ke r 8
Nc(49Nf +72) — IQN? — 215Ny — 24
- {72, G {J".G"}}
64N,
N(A9N; +72) —12N? — 215Ny —24 (B-36)
_ N {J5 [{Jm, Gmy, 4T, G}
N.+ N¢)(TN
_ et NOUN; +8) jesepyre _ 5 x4 Ny (2, {08 {72, 7501
SN, s
2(N6+Nf)(Nf_2) 2 k rc T8
(NC+N )(N _2) T re m m
M =2 e (7,67 (T G
/
(NC+N)(N _2)(3 1 c8eyke
+ va; L2552, {2, T} + (N + 11)d™ D

+ N+ IDPADE (T G = {2 DA G
- PTG T G + (2 T (6, G
= S AP G G + P AP, G G

L ;)_;{JQ’ {5 [, Gy LT, G},
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A (DY, [DY, O5)) + [0, [DY, D5]) + [Dy, [OF, D5])
IN,(N, + 2Ny)
Ny
+ 2(Ne + Nyp)d®* D¢ — A(N. + Np){D5*, {J",G"}}

NL(AN.N; + 24N? + 85N, — 104) — 116N2 — 432N, + 552
_ NelANCN; o 24N7 + 85Ny — 104) = WONF = 432Ny 4552 po v ¢ sy

— _2NdeSeD§e 4 668{(]27 Jk}

16N
N,(AN.N; + 24N? + 85N; — 104) — 116 N2 — 432N, + 552
+ ( f f f ) f ! {JQ7 [GkS’ {JT7 Grc}]}
16V,
N(AN,N; + 24N2 + 85N; — 104) — 116 N2 — 432N} + 552
_ DANeNy & ANy v N, D : e IR NS
16N,
N,(AN.N; + 24N? + 85N; — 104) — 116 N2 — 432N, + 552
DRy 20+ SRy — 00 : e (NN el S
16N,
Ne(AN.Ny + 24N? + 85Ny — 104) — 116N? — 432N + 552
+ X
16N,
{J* [T, G™eY, LT, G} — 2d°eDEe + {J?, {J* {T°,T%}}} (B.37)

- 4(Nf - 1){J27 {Jk7 {Grc7 GTS}}} + 4<Nf - 1){‘]k7 {{JT7 GTC}ﬂ {Jm7 Gms}}}

Ne(Ne + 2N 4
— ( + f) + 508{J2, {JQ, Jk}} _ (Nc 4 Nf)dCSeDIge

Ny
3NNy — 8 . o
FAWNe NP2 ADE AT G o+ (2 A% 6% (. 6
3N.N; —8 e 3N.N; — 8 . .
- STf{J27 {‘]2’ [Gk8’ {J 7G }]}} + STf{J27 {[J2> Gk ]7 {J 7G 8}}}
f f
3N.N; — 8 e
air e GRS (U R AR CY
SNCN -8 m mc r r 1 c8e ke
— e S I G AT G G (N + 2)d Dy
!
1
- 5{‘]27 {J27 {Jka {TC7 TS}}}} + 2<Nf - 1){‘]27 {‘]27 {‘]kv {Grcu GTS}}}}
NJ% — 2Nf + 8

N, {72 AT T G T, G + %588{J2, {72472, T},
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d([Dy, [0F, 05 + (0%, [DY, O5°]] + [O%, [O0F, D5))
= —6N;d®* O + 6(N, + Np){D5® {J",G"}}
— 6(N, + Np){J?,{G*, T%}} + 2(N. + Np){J?, [J?, [T%, G*]]}

26NZNy + 48N.N7 + 949Ny — 337NNy + 728N, — 194N? — 1972
* 32N

26NZNy + 48N.N7 + 949Ny — 337NNy + 728N, — 194N7 — 1972
B 32N,

26NZNy + 48N.N7 + 949Ny — 337NNy + 728N, — 194N? — 1972
* 32N

26NZNy + 48N.N7 + 949Ny — 337NNy + 728N, — 194N? — 1972
- 32N,

26NZNy + 48N N7 + 949Ny — 337N Ny + 728N, — 194N} — 1972

32N

{,]27 [ch7 {JT‘)GTB}]}

{J2, [GkS’ {Jr’Grc}]}

{[JZ7 ch]’ {JT, GTS}}

{[JZ7 Gk8]7 {Jr7 Grc}}

X

5N? — 10N} + 16
Ny

{Jk:7 [{Jm’ Gmc}7 {JT‘7G7‘8}]} 4 (Nf - 14)d0860§6 4 {J2, {ch, {JT"GTS}}}

TN? — 2N; -
Ny
- 6(Nf - 1){Jk7 {{Jrv Grc}’ {‘]m7 Gmg}}} - (NC + Nf){J27 {D§87 {JT7 GTC}}}
+ (Ne+ Np{ T2 AT AGH, T} + 2(Ne + Np){J? {7, |2, [T°, G*))}}
~ GN.Nj +2N? — 33N, —
16N,
| ONNy +2N7 — 33N, —
16N,
~ GN.Nj +2N? — 33N, —
16N,
| ONNp +2N7 — 33N, —
16N,
| ONNy +2N7 — 33N, —
16N,
(Vs +8)(Ny —4)
2N,
N? + 6Ny — 8
T G T G
_ NPf 12N, -
2N,

16
+ {JQ’ {Gk87 {Jerrc}}}

44
{72 A% [G™ AT G

44
{72477 [G™ {7, G™} )

44
{72 A%, G AT G}

44
{72 A%, G™]. {7, G™} )

44
{72 AT (T Gy T, G}

6(N; — 4)
Ny

cheol’Yce + {JQ,{JQ,{G]%,{JT’GTB}}}}

P TG T G,

(B.38)
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d*”® [,Dgav [,ng7 D]?fc]] =
12NC(NC + QNf)

N 5B JF —12(N, + N;)d®D5¢ + 2(N; — 2)d®*D5e — 6{J* {T°, T"}}
!

13N.(N. + 2Ny) — 16N; + 8
Ny

— 13(N, + N§)d®**Dy* — 15(N. + N ){D58, {J",G"}}

N Ne(69N.N; — 40N? — 695N — 1032) + 222N7 + 1983 N + 4092

8Ny + D{IF G, G — 5, TN

{J2, [ch7 {JT, Gr8}]}

64Nf
N(69N N — 40N? — 695N, — 1032) + 222N?2 + 1983 N+ + 4092
. ( f f f ) f f {J27 [Gks, {JT,GTC}]}
64Nf
N(69N. Ny — 40N? — 695N, — 1032) + 222N?2 4 1983 N+ + 4092
+ ( f f f ) f f {[J2,ch],{JT,GT8}}
64Nf
N(69N Ny — 40N? — 695N, — 1032) + 222N?2 + 1983 N+ + 4092
_ DN, — BN ) ! e (LR NEl S
64Nf
NC(GQNCNf — 40N? — 695Nf — 1032) + 222N? + 1983Nf + 4092 e .
- ! ! {5, [T, Gy {7, GTY)
64Nf
TN? +2N; — 8 13 2(2N2 + TNy + 4
+ f v f dc8eD15ce . 7{(]27 {Jk,{TC,Ts}}} + ( f ¥ / ){(]27 {Jk7 {GTC, GT8}}}
f f

1
+ 5(11Nf + 8){‘]ka {{Jra GTC}> {']mv Gmg}}}
TN.N(N, +2Ny) — 56N? — 8N, + 32

e FHP AT, TN

7 c8eyke T e
= 7 (Ne+ Np)d™Dg* = 8(Ne + Np){J* {D3" {7, G"}}}

6NNy + 22N? — 5N, — 116 .
+ d (2 {J2,[G*e {J7, "8

32N,
GNCNf + QQN? — 5Nf — 116
o J2 J2 GkS Jr Grc
s (PARIER T G
6N0Nf+22N2—5Nf—116 . .
+ ! AR IPANCR PN
32N,
6NN + 22N2 — 5N, — 116
o J2 J2 Gk8 Jr Grc
e (AR GHLT.C )
6NN, + 22N2 — 5N, — 116
o J2 Jk Jm Gmc Jr GT‘8
e (AL G G
N N:—1
( Ft+ 8)( f )dCSe:Dl;e _ Z{JZ7 {JZ’ {Jk,{TC,TS}}}}
4Nf 8
N%? — N, —16
e e DA UL PG (ciaNeld 333
2Nf
5N? + 26N, — 8
L2 S {7, G T, G
4Nf
2N? + 7Nf -8
+ f ; 5c8{J2,{J27{J2’ Jk}}}’
2Nf
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A (0f, (0%, 04 =

D (Ve NODES A7, G°F) = (Nt NI (GR, T — 2N, + Np) {72,172, [T%, G}

2
N,Np(—91N, + 1433 + 16Ny) + 560N, — 4860N; — 184N? — 2340 o

i 128N, : {2,[G* TG}
N,Np(—91N, + 1433 + 16N;) + 560N, — 4860N; — 184N? — 2340 .

_ 128Nf f {J2, [Gk8, {J ,G }]}
N,Np(—91N, + 1433 + 16Ny) + 560N, — 4860N; — 184N? — 2340 o

i 128N, - {[72,G™.{J",G"}}
N,Np(—91N, + 1433 + 16N;) + 560N, — 4860N; — 184N? — 2340 o

- 128N, : {[7,G™ {17, G}
N.N;(=91N, + 1433 + 16N;) + 560N, — 4860N; — 184N? — 2340

N 128N, X

U LT G (T P 4 S (N + 1)a Ok
+ i(mvf +6){J%, {GF, {J",G"™}}} — i(wf +6){J% {G*, {J, G }}}

SN TG T G (N NOL (DR, G
9 3

- ZL(NC + Nf>{J27 {J2’ {ch7T8}}} - Z(Nc + Nf>{J27 {J27 [J27 [T87 ch]]}}

3N.N; + 20N? + 52N —
64N,

| BNeNy 4+ 20N7 + 52N —
64N

3N.N; + 20N? + 52N —
64N

| BNeNy +20N7 + 52N —
64N

| 3NeNy +20N7 + 52N —
64N

(N +4)d™ 05" + (Ny + D{T* T A{G™ {T". G} 1}

44
{72 A2 1G5 {7, G}

44
{7242 1GF AT, G™ )

44
{72 AL, G5 {7, G} )

44
{7212, G AT, G}

44
{72 4T85 [{Im, 6™} {7, G}

+
(Nf + 4){J27 {J27 {Gkgv {‘]Tv Grc}}}}

COl Wi =]

(Nf + 4){‘]2? {ka {{JT7 Grc}7 {Jm7 Gmg}}}}a
(B.40)

e Flavor 27 contribution

deggjk 4 ichGkS’ (B41)

, , 1 1
18 18 kel — — g8eg jcBe kg ~ f8eg rcBe kg
(G, [G", G™]] 2d d°°G +4f oG +2Nf N,
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6,16, D) + (D [G, ] + [0, [P, 6] =
c8e e 1 e e . rc8e r e
—d i {Gk 7T8} + §d88 {Gk 7T } + Zf ® [Gk87 {J 7G }] (B42)

1 1 9 3
+ _dcegdSSGD;ﬁg + _dCSedSegD;ﬂg + _checheD;ﬂg + _508D12€8’
> > 1 N;

[GiS7 [Gis, D’;C]] 4 [D?, [Gi87 ch“ 4 [GiS’ [,Dés, ch“ — _2{ch, {GT8, GkS}}
+ Q{Gkg, {GTC,Gk8}} + L‘deE%e{Gtke7 {JT’ GT’S}} . che{Gk8’ {JT’ Gre}}

chS{Jk {Gre GTS}}+ 1 chS{J2 Jk}_'_dSSe{er {Jr Grc}} ( )
B.43

d88e{Jl€ {Grc Gre}} kszc8e{Te {Jz Gm8}} dcegdSSeDkg + 3d086d8egpkg
+ chSefSegD:)]fg - §fCBefSegGkg + cheOS + Féc&l)’;g
f
(GG, 087 + [0, G, GM]) + (G, [0F, G*)) = —{G™, {G™"}}
3
- {Gk8 {Grc GT‘S}} o che{er {Jr GTS}} + _dCSe{GkS {Jr Gre}}
2d086{Jk {Gre GT‘S}} + chS{J2 Jk} + dBSe{ch {J’!’ Gre}}
1d88€ er Jr Gre d886 Jk Grc Gre kzm c8e Te Jz GmS (B44)
= 5dTHGE A - {74 }}+ AT AT, G}
+ %chedSengg + ch8ef8<igGkg o dcegdSSGOlgg + QdCSedSegO + ;_ifCSGfSegOgg
1 8 1k8 7 8 k8
_~ sc 5
oy DR+ 0 OR,
; 1 ] % c 7 % c 1 c c
(G, 1D, D)) + [P, [G*, D] + [P, [P, 6] = S{G* 1T 4 {G*° {T°, T8}}

1., 3 1
o §€kszcse{Te, {TC7 Gm8}} + chSef8EgD§9 _ QfCSGfSegGkg + §f086f8eg(/)13€g7

(B.45)
(G, [Dy, Dy]] + [Dy', [G*, D] + Dy, [Py, G*]]
+ (D, [Dy, G + [G*, [Dy, Dy°]] + Dy, [G™, D]
— 2{{JT, Grc}’ {Gks7 TS}} 4 2{{JT, GwS}7 {ch7 TS}} 4 2{{JT’ GTS}, {Gk87 Tc}} (B46)

+ 2che{J2’ {er’ TS}} o 2che{D12€87 {JGT’, Gre}} + dSSe{J27 {er7Tc}}
o dSSe{DIQﬂ:’ {Jr, Gre}} + 2ifCSe{J2, [er7 {Jr}]} . 2if086{{Jr, Gre}’ [J27 GkS]}
4 2?;fC8€{Jk’ [{Ji,Gig}, {JT,GT'S}]} _ 47:fc8e[er7 {JT,GT‘B}] 4 4’if686[Gk8, {Jr7 Gre}L
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(G, [DF, O] + [DF, [G*, 0] + [P, [0, 6]
+[05, [Dy, G*]) + [G*, (05, D3]] + [OF, [G*™, D3]]
— —Q{DSC, {GTS’ GTS}} o 4{@’;8, {Grc’ GTS}} 4 che{JQ, {er,TB}}
1
+ che{DécS’ {JT) Gre}} + §d886{J2.{Gk‘e, Tc}}
1 e C T re > £Coe e T T (B'47)
+ §d88 {Dlg 7{J 7G }} - Zf s {J27 [Gk 7{J 7G 8}]}
+ 21-ch6{(]2’ [Gk87 {J’/‘7 Gre}]} + ifCSE{{J’I‘, Gre}, [JQ’ GkS]}
- if686{{Jr, GT‘S}’ [JQ, er]} - QifCSC{Jk” [{Jz’ G«ie}7 {JT’ Gr8}]} + 9fc86f8€gD/2€g
ce e coe e 11 coe & 6 C
— d*IdCD + dHdNIDY 4 - O [ + N, “D}*,
. . 1 1
(D3, (D5 D5 = G {D3° AT, T} — [ f20D5? + 5 f* 5Dy, (B.48)
com9act = factor9.operatorbasis88 (B.49)
coml10act = factorl0.operatorbasis88 (B.50)
com10act = factorl0.operatorbasis88 (B.51)
comllact = factorll.operatorbasis88 (B.52)
(DY, [Dy, D5 + Dy, [D5, D3]] + [DF, [Dy’, D)) = 8{D5°, {T°, T°}, {J", G"}} (B.53)
+ A{D5" {T® {7, G™ ) = 10/ f*ODy? + 6 f*D5, |
[D;a’ [D;av Ol?fc]] + [Déa’ [O?L? Dgc]] + [Ogav [’D;a7 ,DIZCCH =
1 C C C T T
§{J27 {Gk ’ {T87 T8}}} + {J27 {Gk87 {T JTS}}} - 4{,1)]5 ) {T87 {J 7G 8}}}
(B.54)

1 .. .
. 2{2)12@8’ {TS, {Jr’ Grc}}} o §€kszCSe{J2’ {Tve7 {Jl7 GmS}}} + 4f086f869D’3€g
9

coe € coe € 1 € €
= JRIDE — 2 IO 4 o [ e Of

comlbact = factorlb.operatorbasis88

(B.55)
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coml6act = factorl6.operatorbasis88 (B.56)
coml7act = factor17.operatorbasis88 (B.57)
coml8act = factorl8.operatorbasis88 (B.58)
com19act = factor19.operatorbasis88 (B.59)

com20act = factor20.operatorbasis8S.

(B.60)
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