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Abstract

The pion-nucleon sigma term is a measure of symmetry breaking in QCD. Despite the
general acceptance that its experimental value is 45 + 12 MeV, there is still some division
regarding the role of certain processes contributing to its theoretical value. In this thesis
we calculate and compare the pion nucleon sigma term with and without the contributions
arising from processes that involve decuplet baryons. Furthermore, we examine the wider
problem of the validity of SU(3) phenomenology, and its accuracy in treating processes involving

strangeness.
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Chapter 1

Introduction

1.1 Introduction

Quantum Chromo-dynamics (QCD) is a theory of strong interactions. In the light of it’s suc-
cesses, it is probably the theory of strong interactions. However, one cannot be certain, as
it is yet to be proven that it models strongly interacting particles in every way. Clearly, it is

worthwhile to analyse QCD as critically as possible.

The origins of QCD can be traced back to 1961, when Gell-Mann developed a model of
hadrons. Given the nature of the baryon spectrum, he proposed that hadrons were made up
of more fundamental particles with half-integer spin and fractional charge, quarks. The quarks
possessed an extra quantum number, flavour. Gell-Mann proposed that the baryons were made
up of three quarks, and the mesons composed of a quark/anti-quark pair. We can see how this

conclusion was arrived at if we consider an irreducible representation of 3 triplets,

3 x3x3=10+8+8+1. (1.1)



In other words, the coupling of three triplets will manifest itself physically as an octet, decuplet

or singlet. The singlet baryon has not been observed.

The main problem with Gell-Mann’s model of the hadrons was that certain hadron states,
such as the Att resonance possessed bad symmetry. The A*T particle has a spin-flavour wave
function, |u Tu T u T > which is clearly symmetric under an exchange of quarks. Real baryons
are fermions, and so the wave function should not be symmetric under such a transformation.
As a result a new quantum number was introduced, colour, which is carried by quarks and
gluons, hence the name Quantum Chromo-dynamics. The quarks came in three colours and

the hadrons were colourless.

Quantum electrodynamics(QED) has been very successful in describing electromagnetic
interactions. QED is a theory based on a locally gauge invariant Lagrangian, where the gauge
field is the photon. Similiarly in QCD the gauge field is associated with the messenger particles
between quarks, the gluons. The development of a locally gauge invariant theory with corre-
sponding non-Abelian Lie algebra had been done by Yang and Mills in 1954 [1]. It was not
until 1971 that Gross and Wilczek [2] and Politzer [3] showed that a non-abelian gauge theory

exhibited asymptotic freedom, that is, the quarks behaved as free particles at high energies.

1.2 Origin of Mass

In the gauge theory of weak interactions, the quark masses are not fundamental constants of

nature, but are generated by the particle’s motion through a scalar condensate resulting from



the spontaneous breaking of the symmetry of the Lagrangian. Various theories describing the
spontaneous breakdown of gauge symmetries have been developed, however it is not possible to
predict the quark masses using these theories. Our interest is in the treatment of these quark
masses, rather than their origins, so we will choose the QCD Lagrangian as the starting point

for our investigations.

The fact that QCD exhibits asymptotic freedom at high energies (i.e. coupling becomes
small) means that we can apply perturbation theory in the usual way. At low energies the
coupling between quarks is large, so conventional perturbative techniques (as used successfully
in QED) do not work. The alternatives to a perturbative treatment are to use lattice theories,

or phenomenological models to describe QCD at low energies.

1.3 Chiral Symmetry

We can define left and right handed Dirac fields as

1+
2

1—
YL = 2751/’ and Y =

¥, (1.2)

where l—ﬂ;’& is the helicity projection operator (II*). Consider

Yrpp = PITII = 0. (1.3)

10



Clearly then, a particle with definite handedness will be massless. The Lagrangian
L=y J Yr +1pr J g, (1.4)
is invariant under the transformations

U(l)g 2 bp, — €L, (1.5)

U(l)r: ¥r — €*R¢r (1.6)

where a7, and ag are global phases. These transformations are simply phase transformations.
The important feature of this is that the left handed and the right handed fields transform
independently. The Lagrangian (1.4) is invariant under these chiral transformations, and as a

result the Noether currents for transformations (1.5) and (1.6)

Ji = pry*br and Jg = Pry"yr (1.7)
are conserved.
The QCD lagrangian is written
L= —izf:cjf ﬁ qr — msqsqs — %FSVF“’“’ + gauge fixing and ghost terms (1.8)

where gy is the quark field for a quark with flavour f = u,d,s. This Lagrangian is invariant

11



under the SU(3)r, ® SU(3)r group of transformations (¢- = ¢ and ¢4 = qr)
?
gz — exp(—50- Mex (1.9)

. 1
The corresponding conserved Noether currents are

i _ a 1+
JE =" @)y A il qr(z) (1.10)
T
which can be rewritten as Ji = V# £ A*,
with Ve = Zq_z)\‘fl,’y“ql/(w), (111)
w
and A*(z) =>_ @ v vsqr. (1.12)

w
The Lagrangian is still invariant under the U(1)L,®U(1)r group of transformations, so we still
have currents

Vi =" (1.13)

q

Af;q’ = qv"v5q (1.14)
The naive divergences of these currents are

0.V =i(my — my)qq (1.15)

a9

OuAgy = i(mq + mg)qvsq (1.16)

Thus we can see that the vector current is conserved in the limit that all quarks have equal

1Xg, is the relevant component of the particular Gell-Mann matrix.



mass. The axial current is conserved in the limit that all quarks are massless.

Massless QCD is symmetric under the SU(3) 4 x SU(3)y x U(1)v group of transformations.

1.4 The Sigma Term

We can rewrite (1.8) as

Lo— Y m,qq, (1.17)

where Lo is invariant under the chiral transformations. As well as can be established, the mass
term in the Lagrangian is the only term that explicitly breaks chiral symmetry. There is no
theoretical reason why this should be so. Given this, the motivation for studying a measure
of symmetry breaking is twofold. Firstly, we can predict a theoretical value for this measure,
and draw a comparison with an experimental value, based on the assumption that — 3 mygq
is the only symmetry breaking term in Lqcp. The result will tell us whether this assumption
is correct (or not), and also provide information as to whether the treatment is correct. If
there is agreement between theory and experiment, we will conclude that it is likely our initial

assumption was correct, as was our treatment.

The measure of symmetry breaking that we will consider is the pion-nucleon sigma term,

13



formally defined as

3
1
onn(t) = 32 5 < N@)IQL[QF HllIN() >, (1.18)
=1
where t = —(p—p')? and H the strong interaction Hamiltonian. Early calculations of orn gave

deviations from the experimental value (45 MeV) by ~ 50%. Many solutions to this problem
have been proposed, the most common a large strange quark content of the nucleon. More
recently it has been proposed that the current quark mass of the light quark is larger than
6 MeV [4]. It is our contention that one important source of the discrepancy between the
experimental and theoretical values is the failure to include the decuplet processes in the one

loop corrections to a,n.

The sigma term has been calculated using QCD sum rules [5, 6], however to date, it is
difficult to determine the accuracy of such calculations, as the final result depends upon quan-
tities such as the accuracy of kaon PCAC, and the value of < 8s >¢ / < @u >¢, for which there
is some uncertainty. Most importantly, to date no one has been able to provide an estimate of

the uncertainties associated with sum rules.

1.5 An alternative to QCD

If one is willing to forgo the ideological ‘elegance’ of gauge field theory, phenomenological models
can be used with great success. A phenomenological model is based on the idea that physi-

cal systems can be decribed in terms of their observable properties! without recourse to the

!Husserl’s phenomenalism

14



fundamental basis (in this case non-Abelian gauge invariance) of the system. These models
should respect the underlying symmetries and degrees of freedom of QCD, however they are

less fundamental in their formulation. One such model is the Cloudy Bag Model (CBM).

A persistent problem with all models for strongly interacting particles with quark degrees
of freedom is that they do not predict confinement. No free quarks have been observed, so it is
reasonable to assume, up to energy levels of T'eV, quarks only exist in 3 quark states (baryons)
and quark-antiquark pairs (mesons). The main idea behind all bag models is that confinement
is provided by virtue of the quarks being massless inside some region in space (the bag) and pos-
sessing infinite mass outside the bag. The early bag models have been developed and improved.
The most successful to date is the CBM. The CBM is an improvement of one of the original bag
models, the MIT bag model, which described massless quarks moving freely inside a region of
space (the bag). 'L'he problem with the MIT bag model was that, although it was confining, it
violated chiral symmetry. The CBM corrected this by introducing a pseudo-scalar field, which
coupled to the quarks at the surface of the bag. This tied in nicely with the idea that the nu-
cleon was surrounded by a pion cloud. The CBM has been very successful in predicting many

properties of baryons [7] , and so is a reasonable starting point for the analysis of the sigma term.

This remainder of this report will be presented as follows. Firstly, we will discuss chiral
symmetry, chiral symmetry breaking and the link between the quark masses and symmetry
breaking. Secondly we will discuss a measure of chiral symmetry breaking, the pion-nucleon
sigma term. Following this, we will examine the model used to carry out all of our calculations,
the cloudy bag model. Finally, we devote a chapter to general observations regarding previous

studies of the pion-nucleon sigma term.
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Chapter 2

Chiral Symmetry

2.1 Chiral symmetry

Chiral symmetry is the invariance of the Lagrangian under the chiral transformation. As
massless QCD is chirally symmetric, we choose this symmetry as a starting point for our inves-
tigations. Nature is nearly chirally symmetric, however the only exact symmetry of QCD is the
U(1)y group, that is, conservation of Baryon number!. Chiral symmetry in QCD is broken in
2 ways. The quark masses explicitly break the symmetry of the Lagrangian, and irrespective
of the quark mass values, chiral symmetry is spontaneously broken by virtue of the symmetry

of the system not matching that of the vacuum.

When considering chiral symmetry, it is important to understand the largest symmetry
group involved, and the subgroups that are revealed as the symmetry is broken. The largest

symmetry group that we will consider is the SU(3)y ® SU(3)4% The Lagrangian is invariant

'In the entire body of this report, colour is not a consideration
2We will confine ourselves to the study of the study of the three lightest quarks, as the masses of the heavier
quarks makes treatment of the theory as a perturbation about the exact symmetry limit unproductive.
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under ¢ — Ugq where

Uy(z) = exp(i) - a(z))

Ua(w) = exp(insh- (=) (2.1)

which leads to the conserved currents

[/ — A
VM = q')(u?q (2.2)
and eight conserved axial currents
a ~ A
AL = T4 (2:3)

for @ = 1,2..8. QCD is invariant under the U(1)y group of transformations (conservation of

Baryon number). There are (of course) axial charges associated with the conserved currents,

Q" = [ daVg(a)
Qi = [ dady() (2.4)

which satisfy their own Lie Algebra.
When the mass term, — Y m,qq, is included in the QCD Lagrangian the symmetry is

explicitly broken. The current treatment of this is chiral perturbation theory (xPT), in which

the behaviour of the system is studied as the masses are turned on.

18



Historically, the main focus of investigations into chiral symmetry breaking has been the
path taken by the system as the various symmetry breaking processes are ‘turned on’. Initially
there was no consideration given to the origin of chiral symmetry breaking (xSB), simply the
properties of the symmetry breaking components in the Hamiltonian. Following the develop-
ment of the quark model, a more mechanical procedure was developed, whereby a perturbation
scheme was developed with the quark masses as the source of symmetry breaking, and therefore
the perturbation parameter. These various schemes had to take into account the divergences
that occurred within the theory as a result of the way chiral symmetry is realised. The resul-
tant techniques developed were known as chiral perturbation theories. We will examine chiral

symmetry and its treatment in more detail now.

2.1.1 Realisations of Chiral Symmetry

Consider Coleman’s theorem, that is

Q%0) =0 = [@*, H] =0, (2.5)

which means that the physical states of H can be classified according to the irreducible repre-
sentations of the group generated by @*. Goldstone’s theorem considers the possibility that a

symmetry of the system is not a symmetry of the vacuum. That is, we can have either

Q% H] = 0= Q*|0) =0, (2.6)

19



which is the converse of Coleman’s theorem, or

[Q®,H] =0 but Q°[0) # 0. (2.7)

If the second case is true, then the symmetry associated with the charge that breaks the vacuum

symmetry has no bearing on the baryon spectrum.

If the charges satisfy the following algebra,

[Q°, Q% =i Q°  [Q*, Q4] =i Qs [Q8, Q3] = i€ Qs (2.8)

then we can consider Q%L = Q* £ Q¢ to illustrate the point. If [Q%, H] = 0 and Q4]0 >= 0
then we have what is known as the Wigner-Wey! realisation of the symmetry group. If the
group was the SU(2)y group then we would have a spectrum of iso-multiplets. However, if
Q20 >= 0 then we would have iso-multiplets with parity partners (degenerate in mass, but
with opposite parity). The observed baryon spectrum supports the notion that QR0 >=0
but not Q2|0 >= 0. Therefore, we assume that Q2|0 >7# 0, which is the Nambu-Goldstone
realisation of the symmetry associated with Q%. Goldstone’s theorem tells us that if the latter
is true, then the vacuum symmetry is broken by the transformation and there exists massless
Goldstone bosons. As Q2|0 ># 0, there must exist a state Q|0 > which has the same energy
eigenvalue as |0 >. Clearly this state will be a pseudoscalar, and we identify pions as pseudo-

scalar Goldstone bosons.

20



2.1.2 Partially Conserved Axial Currents

We know that the pion decays via the axial current, i.e.
< 0|Ag|*(g) >= i frqud®, (2.9)

where a, b are the iso-spin indices and f, is the pion decay constant®. In the chiral limit,
8“A, = 0 and therefore < 0[0*A%(0)|xt(¢) >= frm26* = 0. Thus, in the chiral limit, we
require either m2 =0 or f, = 0. Since Q%[0 ># 0, f, cannot be equal to zero, so in the chiral

limit m2 = 0.
There is a link between the breaking of chiral symmetry and the conservation of the axial

current. If we consider the pion-nucleon-nucleon coupling

a

< NO)ALN () >= a(p)(5)s94(a) + qu3sh(*)]u(p), (2.10)

where ¢ = p' —p, ga(q?) and h(¢?) are the axial and pseudoscalar form factors respectively, and

ga(0) = 1.25 [8] If k is small, then, in the non-relativistic limit, we find

N d-q.,
Y5 — O, and quYs — 2qu7 (211)
and hence (dropping isospin labels)
T— 1 — h’ q2 — ——
<l p>= 2o foate)s - 50 a1 (212)

3Equation (2.9) is the definition of f;.

2.



Now, if the axial current is conserved, then

[gA(qz) - h_gif] G-4=0. (2.13)
Thus
bla?) = 2lL) (214)

Since g4(0) ~ g4(g?®) for small ¢*, h(¢*) must have a pole corresponding to the propagation of

a massless, exchanged particle. As A, is not conserved, it seems reasonable to rewrite h(g?) as

h(g?) = 2mNgA(q2)-

2.15
q2 _|_ m?r ( )

However, when m, is equal to zero, comparing the explicit calculation of the pion pole diagram

we find [9,10,7] that

Myxda — 2fNN1rf1r- (216)

This is the Goldberger-Trieman relation, linking the weak and strong coupling constants. If we

do not have massless pions, the divergence of the axial current is
OFA, = famié, (2.17)

where ¢ is the pion field. Eq. (2.15), is the definition of the Partially Conserved Axial Current

Hypothesis (PCAC). That is, the transition from a massless pion to the massive pion should

22



be smooth. Unless this is the case, the axial current will be broken quite badly. As the pion

mass is small, the axial current is almost conserved.

The quantity A [9],

gAaMy

_LfNNWfr

A=1 = 0.08 + 0.02 (2.18)

is a measure of the breaking of the SU(2) ® SU(2) group. The quantities A and 9" A}, have
the same dependence on m,, thus the GT relation is a consequence of, and a measure of, chiral

symmetry breaking.

2.2 Quark masses as perturbations

Nature is not exactly as described above, the iso-multiplets associated with the vector charge
are not degenerate in mass, and the pions are not massless. Both these disrepancies arise from
the fact that nature is not exactly chirally symmetric, the symmetry is broken explicitly by the

quark masses.

2.2.1 Breakdown of SU(3) ® SU(3)

The ‘pre-quark’ theories developed to model the breakdown of chiral symmetry were based on
the assumption that the symmetry breaking component of the Hamiltonian transformed under

SU(3) in a certain way. It was generally accepted that if we generalise the group associated

23



with the vector charge to include strangeness, that is SU(3)v, where Q* (a = 1,2....8) satisfies

[Qaa Qb] = i.fa.chca (219)

then we could assume that the hadrons would be classified according to the irreducible rep-
resentations of SU(3)y. There are many possible representations, but we rule out those that
predict fractional charge. We are left with the octet and decuplet baryons. The Glashow -

Weinberg (GW) model and the Gell-Mann - Oakes - Renner (GMOR) were the most widely

used ‘pre-quark’ models.

It was assumed that the symmetry breaking part of the Hamiltonian has definite trans-
formation properties with respect to SU(3)y in a representation. Furthermore, it was assumed
Hgsg was a component of the simplest possible representation of SU(3)y, that is, the octet.
The Hamiltonian must still commute with iso-spin and hypercharge, as these quantities are
conserved. The only component with these transformation properties is the eighth component

of the octet, i.e.

H = H() + cglUg. (220)

If one treats egug as the only source of explicit symmetry breaking, then we find

2(My + Mz) — (3My + Ms) = O(¢€2), (2.21)

the Gell-Mann Okubo mass formula, which has been shown to work well. In contrast, mass

[ormulae in other representations, such as 27 are not accurate. This is known as octet enhance-

24



ment and works surprisingly well. Why this is so is a slightly more complex matter, and various

explanations are given in ref. [9].

The Glashow - Weinberg Model

The GW model starts with the symmetry breaking Hamiltonian given as

H = Ho + €oUp + €gUs (222)

where ¢, and €3 are the symmetry breaking parameters. The €yuo has been added to Hgp
using the same arguments as for egus. More generally, it was assumed the symmetry breaking
component of the Hamiltonian transformed like (3,3) + (3,3) = (8,1) + (1,8). The operators

u, and v, obey the following :

(@5, Ua] = ¢ fiabup,  [Qisva] = 1 fiabvs,

(QF,ue] = —1diapvs,  [QF, 0] = —idiapus, (2.23)

for = 1..8 and a,b = 0,1...8. Hy is invariant under the SU(3) ® SU(3) group of transforma-
tions. The formalism that yields physical predictions for this model is based on the relevant
Ward identities for the matrix elements for the SU(3) ® SU(3) currents, which are derived
from H. The technique is not without its flaws, because certain assumptions have to be made
in evaluating the integral equations associated with the Ward identities, namely that they are

dominated by the pion pole (saturation), and that the integrals are slowly varying near the
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pole (smoothness). In this respect xPT is a far more effective method. The model does, how-
ever, provide a good description of symmetry breaking, although the assumptions made during

evaluation of the integral equations lead to poor quantitive results.

The Gell-Man - Oakes - Renner Model

The difference between the GMOR model and the GW technique outlined in the previous
section is that the behaviour of nature in the chiral limit is given more consideration in the
GMOR model. The Hamiltonian is the same, however, the assumption is made that in the
chiral limit, that is gg — 0, H is SU(3) ® SU(3) invariant and while the corresonding vector
charges annihilate the vacuum, the the axial changes do not. Applying Coleman’s theorem and
Goldstone’s theorem, we find that the physical states are classified as a fundamental represen-

tation of SU(3)y and the pseudo-scalar mesons are Goldstone bosons with zero mass.

An alternative approach to the breaking of SU(3) ® SU(3)

Another way of looking at the breakdown of chiral symmetry is to rewrite Hgp as

Hsp = €eo(uo + cus) (2.24)

with ¢ = eg/eo, initially set at —v/2. When ¢ = —+/2, Hgp breaks SU(3) @ SU(3) —
SU(2) ® SU(2), the strange mesons acquire mass and the octet baryons are no longer degener-
ate. When c deviates from —/2, SU(2) ® SU(2) is broken and the pions acquire a mass. Using

xPT, ¢ = —1.25 [11], reinforcing the notion that SU(2) ® SU(2) is a very good symmetry of

26



hadronic physics, second only to isospin.

2.2.2 How good is SU(3) ® SU(3)?

There are a number of ratios that can be extracted from the light meson masses to give an

indication of how ‘good’ a symmetry is. If we consider the first order meson mass formulae,

Mz+ = (mu + md)B

M12{+ = (mu + ms)B

Mo = (mg +m,)B, (2.25)

where B =< 0|gq|0 >, we can extract the following ratios [12]

T _ 0,66, — =201, —*=242 (2.26)
mq my m

The charged mesons are surrounded by a photon cloud, thus leading to corrections of O(e?),

which alter the ratios slightly. However, the above ratios will be altered further when xPT is
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used to calculate all next to leading order contributions to the meson masses. The ratio, R,

R=T0"" 435432 (2.27)
mqg — My

which measures the level of breaking of SU(3)y relative to SU(2)v, can be extracted from the
values of M, — M,,, Ms+ — Ms— and M=o — Mz-. The most recent calculation of the mass

ratios is [12]

M _ 0.56 +0.006,

My myq

— 920420, = =256%20. (2.28)
m

These ratios are in agreement with eq. (2.27). The errors arise from the uncertainties in the

constants determined in xPT.

The exact values for the quark mass ratios are far from resolved, as any calculations
involving higher order corrections will possess some degree of model dependence. As a conse-
quence, one must examine as many constraints as possible. However, recent work suggests that

the above ratios are very close to the actual values [12].

We saw earlier that SU(2) @ SU(2) was accurate to 7 %. Similiarly, we can derive the

ratio

Mg

— =1.84+0.2. (2.29)

This ratio is a measure of isospin breaking. As it turns out, it is a rather poor estimate. For

a long while it was thought that strong interactions were exactly isospin symmetric, and that
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any mass differences in hadrons were due to electromagnetic effects. However, the sign of the
proton-neutron mass difference (amongst others) suggested otherwise. Isospin is broken be-
cause my # mq. The ratios (2.29) and (2.27) are not a good indication of the magnitude of
the symmetry breaking. This is because QCD disguises the current quark masses rather well,
and the actual contribution to the baryon mass from the current quark mass is quite small.
More sophisticated techniques are required to measure the exact level of symmetry breaking.
To determine whether or not we can treat a quark mass as a perturbation we can compare the
mass/mass differences involved with a given energy scale, say, M,. It is clear that SU(2)v and
SU(2) @ SU(2) are ‘good’ enough to treat the symmetry breaking in perturbation theory. It

would be worth considering how accurate the SU(3)y and SU(3) ® SU(3) symmetries are.

A slightly crude technique would be to look at the ratio

_ < N|Hg|N >

R*<NWQN>

(2.30)

where Hig and HZL are the components of the Hamiltonian breaking SU(3)y and SU(2)®SU(2)

respectively. Neglecting isospin breaking terms, we would have

B CsUs  _ 9cgus (2.31)
m(uu + dd) \/5(\/500 + c8)(\/€u0 + \/?;US)Q. .

We know < Nl|ug|N >= 166 £ 10 [9], however < N|ug|N > has not been determined. It is

reasonable to assume that the magnitude of breaking of SU(3) ® SU(3) is of the same order as
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SU(3)v, thus we can work with

- " T =p=154+0.5. 2.32
< Nlug|N > & (2.32)

We also know & =-1.25, thus we find
|R'|=7.2+1.2. (2.33)

This is by no means an exact value, merely a guide to the difference in the level of breaking

that occurs between SU(3) and SU(2).

2.3 The Quark Model

Following the discovery of quarks, a new formalism for the treatment of chiral symmetry ensued.
The challenge was to find a consistent mathematical treatment of the quark mass term in the

QCD Lagrangain, viz

L1 = —[mytu + mgdd + m,3s). (2.34)

Equation (2.34) can be written

My +mg+m,, My — My

Lr=—[ . (du + dd + 35) + (u — dd)
1 m, .
(T ) + dd - 259)) (2.35)
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If we define u;(z) = q(z)Aig(x), for i = 0,1..8 with A; the Gell-Mann matrices, then equation

(2.35) is written
L1 = —[couo + caus + cgus]. (2.36)

Clearly then, the pre-quark treatment was was close, in terms of the symmetry breaking com-
ponents of the Lagrangian (if quarks are the only source of chiral symmetry breaking). The
csu3 term is responsible for the breaking of charge symmetry. The cgus term represents the
mass splitting between the light quarks, (i.e. m, = my # m;), and the coug term is turned on
when any light quark mass is not zero. This fits in the historical view that g, which transforms

as a singlet, breaks the SU(3) ® SU(3) group, and us breaks SU(3)y symmetry.

2.4 The Mass Formula

In the chiral limit, and in the absence of self-energy processes, the octet baryons are degenerate

in mass. The mass formulas are derived by treating the mass terms perturbatively, with
Hy = /dsac(muﬁu + mgdd + m,3s), (2.37)
for the nucleon we have the resulting shift

§(M%) = myB, + mgBy + m,B, + higher order terms (2.38)
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where B, = (p|@q|p). Similarly, we could produce a mass formula for the other octet baryons,
with new constants, BY = (X|g¢|X) for example. However, from a computational point of view,
it would be prudent to express the baryon masses in terms of as few parameters as possible.
In the chiral limit the octet baryons are degenerate in mass, hence the value of My will be the
same for all baryons. The SU(3) symmetry allows us to relate the matrix elements of gq for all

octet baryons to those of the nucleon. In the absence of higher order corrections we have

MY = M? +m(B* + B*) + m,B*

M2 = M2 + n(B* + B®) + m,B*

M2 = M2+ %(B“ +4B+ B°) + T—n?)—s(QB“ — B+ 2B°)
M2: = M2 +w(B* + BY) + m,B* (2.39)

Some terms of higher order in the expansions are non-analytic in the quark masses. For
example, the next term in the quark mass expansion is O(2/?), not O(?) [14], as determined
by improved chiral perturbation theory (ICPT). ICPT also suggests that the the leading non-
analytic term (corresponding to the one loop process) dominates the higher order terms. The
assumption that we are making is that the term in the quark mass expansion is the same as

for the one-loop process in an effective Lagrangian (e.g. using the CBM). Finally there are the

2 2

kinemastic contributions to the mass formula, terms of order m p

. Ignoring terms of order m

we have

M} = M? + m(B*+ BY) + m,B* + 6 M},
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M2 = M2 + m(B* + B®*) + m,B* + 6 M2
2 __ 2 m u d s ms v __ nd s 2
MA_MO-|-§(B +4B +B)+T(2B B® +2B°) + 6M;

M3 = M2 + w(B* + B*) + m;B* + 6 M3 (2.40)

where 6 M3 = 2Mp6Mp, 6 My is the difference between the loop corrections with massive

mesons and the loop corrections in the chiral limit*.

Unfortunately, the quark masses cannot be extracted from the baryon mass formula. In-
deed only 4 pieces of information can be gleaned from these equations. As we shall see later, the
treatment of the non-analytic corrections requires further assumptions regarding the properties

of B* and B? in order to determine Mj.

We are working with the CBM to determine the numerical value of the leading non-
analytic contributions to the baryon mass. Our interest lies in the analytic structure of the
loop corrections to the baryon mass. The pion loop correction to the nucleon mass, oMy as
a function of 7 is shown on figure (2.1). One contentious issue is the role played by decuplet
baryons in the loop corrections. For this reason the octet and decuplet contributions are shown

seperately. The expression used to calculate § My is found in section (4.5).

4In chapter 4, 6Mp refers to the loop correction to baryon B for massive mesons. In the remainder of this
report, this correction is denoted AMp, and §Mp is as defined in section (2.4).
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Figure 2.1: The analytic behaviour of the pion loop corrections to the nucleon mass.

2.5 The Quark Masses

The ratios in eq. (2.26) do not provide sufficient information to derive the actual values of the
quark masses. Using sum rules, the non-strange quark mass can be determined - for example
we cite two values, 1h = 5.4 MeV [13] and m = 7+2 MeV [14]. If the sigma term is determined

correctly, it should provide information regarding the accuracy of our value for . We will use

m =5.5+2, and m, =130 £ 50. (2.41)

2.6 Chiral Lagrangians

One of the principal justifications for the use of effective field theories is that it is an easy

method of examining low energy physics. The need for doing so will come about either because
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the underlying model is not known or is inappropriate for the given energy levels. The starting
point is the Chiral Lagrangian, that is, the Lagrangian that contains all terms allowed by chiral
symmetry. The resulting theory is non-renormalisable, however, as it is a low energy theory, this
is not a problem. Or, more to the point, the problems which result from non-renormalisability

do not occur at the energy levels considered.

The Standard Model (SM) is thought to contain the correct description of strongly in-
teracting particles. However, thus far, no one has been able to show analytically, that the
SM predicts quark confinement (an observed property). Furthermore, a description of many
nucleon systems using quark degrees of freedom would be far too complex, analytically at least.
Because of the above mentioned problems it is, and has been, a profitable method of examining
hadronic interaction problems using effective field theory. The Chiral Lagrangian is the best
starting point, because it is likely that, if treated correctly, it incorporates all of the features of
the SM. The complete theory incorporates a more complete perturbative treatment, Chiral Per-
turbation Theory (xPT). xPT involves the expansion in terms of the momenta and the meson
masses. What makes YPT such a complete theory is that is incorporates the idea that pions
are Goldstone bosons, and that their interactions are momentum dependent. xPT includes
the chiral anomaly, PCAC and the chiral Ward identities. The problem with xPT is that the
expansion of the Lagrangian possesses constants, which are not controlled by the underlying
symmetries of the system. These constants need to be determined from the phenomenology of

related systems.

The global symmetry of the QCD Lagrangian is SU(3);, ® SU(3)r@U(1)y @ U(1) 4. The

U(l)v symmetry is simply the conservation of baryon number, and the U (1)4 symmetry is
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only an exact symmetry at the classical level. As a result, the starting point for the Chiral
Lagrangian is the SU(3);, ® SU(3)g symmetry group, with the U(1) symmetries being treated
seperatlely. A model independent Chiral Lagrangian for the meson field (to lowest order) is

given as [15]

E= fzz <9, Ut >, (2.42)
where U(®) is a parameterisation of the Goldstone boson fields, viz

U(®) = exp(iv2®/f). ‘ (2.43)

®(z) is the meson field matrix, and is given as

7|'0 7
atE o K
1
o= 7 ™ —Zt+% K (2.44)
_ -0
K K ~22

We can expand U(®) in terms of ® to obtain meson-meson interaction terms, and all values can
be expressed in terms of f. Next we introduce external fields, by generalising the Lagrangian

in the presence of external sources, i.e.
=L < putpu s utet oty
=T u + Ul + ' U >, (2.45)
where

¢ = 2Bo(s + ip),
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DU = 8,U —ir,U +iUl,,
and
put =a,ut +ir,ut —ivti, (2.46)

with r, [, s and p external fields. We then obtain the Green functions as functional derivatives

of
exp[iZ] = /DU(@)expi/d%ﬁ. (2.47)

At lowest order, it is straightforward to extract predictions from this Lagrangian. Many such
results are shown in reference [15]. At O(p*) the most general Lagrangian has 10 coupling
constants that cannot be determined by symmetry. In principle, these constants can be deter-
mined from various processes. When calculating loop effects, the resultant chiral logarithms

are a function of f,m,, m,, and mg only [15].

It has become clear that higher order processes in x PT' give non-trivial contributions to
certain processes. The analytic structure of these higher order contributions has not yet been
determined. We are not using chiral perturbation theory, so as well as calculating the level of
chiral symmetry breaking with the CBM, we will examine the analytic behaviour of our results
to gain a better idea of the validity of our phenomenology. There are numerous reviews on this

subject and we mention [15,9,16,12,11] as reasonable starting points for further investigation.
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Chapter 3

The Sigma Term

3.1 The Sigma Term

There are two considerations when studying the pion-nucleon sigma term. Firstly there is the
challenge of relating a pion-nucleon scattering amplitude to the ‘experimental’ value for o, .
The second is to provide an independent estimate of o, using a particular model. The latter

consideration is the area that is least agreed upon, and is the focus of our investigations.

The pion-nucleon sigma term, a measure of chiral symmetry breaking in QCD, is defined

as follows

salt) = 33 < NI Q5 HIING) >, (3.)

=1

where H is the strong interaction Hamiltonian,
H=H,+ Hgp (3.2)
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with Hgp the part of the Hamiltonian that breaks chiral symmetry, and |N(p) > is the nucleon

wave function, with normalisation scheme

< N(p)IN(p') >= (27)°2p°8°(p' — p). (33)

If we take the view that the only source of chiral symmetry breaking is the quark masses,

then HSB is

Hgg = /de’w[muﬁu + mgdd + m,3s]. (3.4)

We could, of course, choose another measure of chiral symmetry breaking to work with, how-
ever o,y can be associated with an experimental value derived from pion-nucleon scattering.
Furthermore, as Hy commutes with Q?, o,n depends only on the symmetry breaking part of
the Hamiltonian, which is good as it requires less assumptions than an expression requiring a

knowledge of Hj.

For the purpose of evaluating o, we could ignore iso-spin breaking effects and write
HSB = CplUg + Cgusg, (35)
as was discussed in the previous chapter. Using

[QF, uj] = —idijrvk,  [QF,v;] = idijeux (3.6)
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we find

[ ?, [Qf; Hgg)] = coldiordini + dioadiar + diosdizt|wi

+cg[digidin + disadiar + disadizi]u.

Summing over all contracted indices for ¢ = 1,2,3 we have

[Q5,1Q2, Hsg]] = V3(V2¢ + cs)(au + dd).

Given the values for ¢g and ¢,

(2m 4 m;)

Co =

Sl

and

Cg = (M — m,)

8-

we are left with

oxn =1 < N|tu + dd|N >,

(3.7)

(3.9)

(3.10)

(3.11)

where ™m = gm—“';ﬂl. There are various schemes to calculate a numerical value for this expres-

sion, and we consider them next.
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3.2 Calculating o,y

We know

mu+md

5 ) (au + dd) + m,3s, (3.12)

ColUg + cglUg ~J (

which is the symmetry breaking component (of the Hamiltonian) in QCD. Given our under-
standing of the nucleon, we can assume that the strange quark content of the nucleon is very

small relative to the non-strange quark content, i.e.

i (N|au + dd|N) ~ it N|aw + dd — 25s|N ), (3.13)
thus

oxN & < N|tu + dd — 23s|N > (3.14)

o
_ \/c_m < Nlcgug|N > (3.15)

8

»

= " < Nlcsug|N >. (3.16)

m—-—-m

8

To evaluate (3.16), we write [17]

(B|esus|B) = oTr(BugB) + Tr(BBus) (3.17)
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where

2 A
itsw ¥ P
B=| s -Zix . | (3.18)
e = A
= =0 _2\/6

and noting that (B|cgug|B) is the mass shift from SU(3) breaking for baryon B, we can deter-

mine a and S, giving us [18]

3(my + mg)
My + Mg — 2my

oan(0) = ( ) (Mp — M) (3.19)

or

(3.20)

e (0) = 3 (y:—_MA) .

ms/mh — 1

This gives a value for o,n(0) of 26.5 MeV.

As we have neglected the m, — mg4 term, this expression measures the level of symmetry
breaking when the up and down quarks acquire the same non-zero mass. In deriving equation
(3.20), we have assumed that the strange quark content of the nucleon is very small. Consider

the quantity y which is a measure of the strange quark content of the nucleon,

< N|3s|N >

= = : 21
Y= < Nigu+ dd — 23s|N > (3.21)
Instead of writing (3.13) we write
X ~ . _ < N|2ss|N >
oy =m < N|uu+dd —23s|N > [ 1+ — D 22
N | S| ( < N|au + dd — 25s|N >) (3:22)
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This is an exact equation. If we do not assume y is zero, then we find

M= — My

ms/m — 1

oen(0) =3 ( ) (1 +2y). (3.23)

If the value for o,n(0) is compared with its experimental value of 45 MeV, then y equals 0.4.
This value seems very large, however we have not yet considered the non-analytic contributions
to the sigma term. We shall see that when these terms are included, the sigma term can be

understood without appealing to a large strange quark content of the nucleon.

3.3 The experimental value of o,y

We will use a more sophisticated technique for determining o,n. Before we do this, we shall

consider the ‘experimental’ value with which our theoretical estimate will be compared.

Consider the pion-nucleon scattering process
N(p) +mi(g) = N () + 7i(q)- (3.24)
The S-matrix for this process is

S=I—i2r)6(p+q—1 — ) —m2)(¢*—m2)
[ exp(=iq - 2) < PIT($i(2):(0))lp > (3.25)

=1-i(2n)*(p+q—p — )Tii(v, t; 4% ¢*), (3.26)
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with t = (p — p')? and

—(p+9)-q
. 6 S 3.27
QIMN ( )

Using PCAC,

2 2\ (2 _ o2 ,
Tin b5, q?) = & ; il ; ) [ dzexp(-ig' + 2) < PIT(@LALALO)lp >

Evaluating (3.28) we have

2 2Y (412 2
q°—my — my .
1ji(l/,t§ q2, (1/2) = ( 2 ) (q ) ) /d”zexp(~zq’ - z)

< Plaua TIA} (2), A7(0))+ +14,8(20)[ A5 (2), AZ(0)]

—6(20)[Af (2), 0, A7(0)]|p > . (3.28)

Using

9,A(0) = —i[@%, H(0)], (3.29)

we see that

T;i(0,0,0,0) = ~— < 7[[Q3,[Q5, H(O)]]|p >

_ Z.n(0)
2

1
2

(3.30)

where 3,5(0) is the sigma term.
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T;; can be determined from experiment. However, it will not correspond to T,:(0,0,0,0)
as this is an off mass-shell amplitude. Various schemes can be used to relate T};(0,0,0,0) to a

physical value and we will mention some of them now.

Cheng and Dashen considered the isospin even amplitude, TF to arrive at

T%(0,2m2%,m2,m2) = =7(0,0,0,0) + O(my})

™

_ Z,FN(2m72r)
=, (3.31)

which is an unphysical point. We can extrapolate back to this point from the observed amplitude

by using a broad area subtraction relation, with the result
T7(0,2m2,m2,m2) = (1.2 £ 0.1)m;" (3.32)

which gives ¥,n(2m2) = 77 £ 6 MeV.

More general schemes have been considered, with a more general ansatz for the amplitude,
and more precise extrapolation techniques. The latest value of ¥;x(2m2) is 60 MeV. This value
is not in agreement with any credible estimates of o,n(0). This is not surprising as there is

no reason to assume the ¢ dependence of o,n(t) would be weak. If we consider the dispersion

relation [19]

o) —o@ =1 [ Y i) (3.33)
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In the region 4m?2 <t < 16m2,

Imfo(t)] = 22z () _ 4, (3:34)

where T*(t) =< 7°(p')|(tu + dd)|x(p) >. The energy dependence of I'z(t) is determined in

ref. [20]. If we use the Omnes function

Ao(t) = 1[1 v _&(t) (3.35)

7 Jamz O 1 — 1t — i€’
where 63(t) is the IJ = 00 7 — m phase shift, then we can find f2(t) by considering

o exp[=Ao(t)]f7
f(t)_ (41“4%__,)4&’

(3.36)

which can be determined by using a dispersion relation. As ¢ is varied, various processes will
become important, such as 7w — NN, clearly giving 63 a significant energy dependence. When

80 is determined from 7 — 7 scattering data, we find

A, = 0(2M?) — 0(0) = 15.2 0.4 MeV. (3.37)

The uncertainties for A, arise from the calculation of 6.

It can be shown using current algebra [21] that

f2AT(0,2m2) = o,n(2m2) + higher order corrections. (3.38)
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Comparing this with the analysis of [22]

Yan(2m2
A*(0,2m2) = % (3.39)
wWe call see
ZWN(szr) =S a,rN(mer) + Ag. (340)

AR has been calculated using xPT, and was found to be 0.35 MeV [23]. Given this, the latest

value of o,y is

oxn(0) = 45 & 12MeV. (3.41)

3.4 Non-analytic contributions to the sigma term

The Feynman-Hellman theorem [14] gives us

. OME,

2MN0'7rN = (342)

We can determine the LNAC to the sigma term by evaluating equation (3.42) with and without

the loop corrections included in the mass formula for M%.

The first order mass formula was derived in chapter 2 by considering the lowest order

47



perturbation from

H; = /d?’:z:(muﬁu + mgdd 4+ m,3s). (3.43)

If we apply the Feynman-Hellman theorem to M7, as described by the first order mass formula,

and use eq. (2.39) to determine B* and B¢, we would find

A

B 2m
T 2% + my

U

2Mpo,n(0)

3
M+ = MZ — M7) — M{)]. 3.44
[+ 5 (M2 — M) — M (3.44)
However, there are higher order corrections that appear in the second order mass formula,

resulting from loop processes. Using the Feynman-Hellman theorem with M7 described by the

second order mass formula, we have

IMyoy = (B + B%) + 0

-6 M (3.45)

We note that if we applied the Feynman-Hellman theorem using the first order nucleon

mass formula we would have
2Mpo,n(0) = m(B* + BY). (3.46)

Equations (3.46) and (3.45) are the same formula, however the meaning of the term B is

slightly different in each case. In the first order mass formula for the nucleon,

M} = MZ + m(BY + BS) + m,B; (3.47)
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can be used to express the nucleon mass in terms of By, B, and Bi. When the non-analytic

terms are considered in the expansion of the mass formula, we can consider adding the LNAC

outright, or consider new values for BY, viz
B = B+ 6BY,

hence 6 M% = (6 B* + 5Bd), with similiar expressions for the other baryons.

Using the second order baryon mass formulae to solve for B* and B¢ we have

2m 3 m,
2Myoxn(0) = W[Mlz\l tog—— m(Mé — M}) — Mg

A

2m
2m + ms

Ms

T (M2 — S MY)

10 10
30M?

3

SM? + =

[ N‘|‘2
0

+ M2 + 16M%.

OM? " 20M%

(3.48)

(3.49)

Comparing (3.44) and (3.49), we can identify the third part of equation (3.49) as the LNAC to

the Sigma Term. Chiral perturbation theory tells us
M? = B+ h.o.t,

S0

MY L, OMY
™ om — Moz

(3.50)

(3.51)

However, the light quark also appears in the mass formula for the K and n mesons as well, thus
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we have

My ., 8 1.9 19 ..,
- M = s M 52
" am ~ M-(aaE T ooy t3an M (3:52)

which is the third component in (3.49).

Historically, equation (3.49) was evaluated with § Mp determined using chiral perturbation
theory. The LNAC from yPT actually decreased the value of o,n. This was because the
corrections to the nucleon were too large to treat in such a way. To avoid this problem we use
the CBM, which has been very successful in calculating baryonic properties in the past. The
value of §Mpg refers to the difference between corrections to Mp for the real pion mass, and

corrections in the chiral limit. We can see this by considering :

in the chiral limit Mo = Muare + AMY, (3.53)

with finite quark masses My = Mpare + Z bsGq + AMy, (3.54)
7

where AMpy and A°Mpy are the meson loop contributions to the nucleon mass for massive and
massless mesons repectively, b, = B?/2Mpy and Myaee is the nucleon mass in the absence of
quark mass and meson corrections. The difference between equations (3.53) and (3.54) gives

the linear version of the nucleon mass formula.

In static approximation for the baryons, the loop corrections to the nucleon mass are
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given as [24, 7]

3. [ KuR(k)dk Affy. e K(k)dk
§My = /O i + /0 7 (3.55)

Tm2 My — wr — Mpy) 3rm2 My — wi — M)’

Therefore, including for the moment only the pionic contribution, the LNAC is found to be b

m2 dk ., 9f2% Nn 2f2an 22

The first two terms in (3.49) are the valence quark contribution (VQC) to the pion-nucleon
sigma term. The only unknown parameter in the VQC is the value of the baryon bare mass,

My, and that is easily determined.

Expression (3.56) is identical to the corrected version of the LNAC to the sigma term

determined in [18]. The corrected version appeared in [25] and was found by evaluating

2
o™y (0) = %/d% < N|@IN > . (3.57)

1fNA1r = 2fAN7r
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3.5 The Baryon Bare Mass

If we are to use expression (3.49) to calculate the sigma term, then a procedure needs to be
found to determine My. In the work of Gasser and Leutwyler [16], two approaches are men-
tioned as possibilities. One is to consider a range of values of My, and the other is to appeal
to independent evaluations of yo, which is a measure of the strangeness content of the proton.

Either method will determine o, %, although we feel neither method is satisfactory.

Using our notation, we have the first term in equation (3.49),

v 2m 3 my
2Mno,y(0) = M[MJZV t3 7 (M& — M) — Mg, (3.58)
which can be re-written
m 1
O My oy (0) = _(DP — 3F?) , (3.59)
me —m 1—yo

with
_ 2—Bs 3.60
Yo = Bu_I_Bd) ( N )

1.,

FP = E(m — m,)(B* — B®), (3.61)

and

» 1 A u K] d

D = E(m — m,)(B* + B® — 2B%). (3.62)

For various values of yo, equation (3.59) can be determined.

52



Gasser and Leutwyler do not commit themselves to the method for determining M, or

Y0, and write in ref. [16] (on the disrepancy between the theoretical and experimental value of

O'WN)2.

We do not intend to argue about the possible value of My or yo. Instead we
determined those values of o,y which are compatible with the meson and baryon

spectrum, leaving open the actual value of My or yo. ...

They then go on to conclude that the bare mass must be less than a certain value for the sigma

term to be compatable with data. This will be discussed more later.

This method is unsatisfactory, not least because it is not self consistent. More importantly,
if one is restricted to determining o,n by a fitting procedure with empirical values, then one
cannot gain a good measure of the accuracy of one’s treatment. The method we will use to

determine My (hence the valence quark contribution to oy, o.%;) involves two assumptions

1. The higher order corrections to the baryon mass formulae are dominated by the loop

corrections, as described by the Cloudy Bag Model,
2. The up quark content of the proton is twice that of the down quark content (B* =

2B

This method is far more self consistent, and allows us to examine more critically the role of

decuplet baryons in value of the sigma term.

%In [16] they use y to denote the term we label yp.
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We can rewrite the mass formulae for the N, Z and A baryons with B* = 2 B%, giving

M% = M2 + m3B* + m,B° + 2MynéMy

M2 = M? + #(B* + B®) + 2m,B* + 2M=8 M=
m
3

M2 = M2+ T—g-(wd 1+ 4B% 1+ B%) + Z2(2B% — B* 4 2B°) + 2My 6 M. (3.63)

This is now a simple set of linear equations. Solving for My, B*® and B? we have

66 M=Mzrn — 3M2h — 186 Mam My + 9 M} + 106 My My — 5 M3,
— 4+ ms
65MEMETI’LS n 3M§ms — 126MAMAms + GMKms -+ 85MNMNmS — 4M]r‘<rms

—m + ms

M2 =—

(3.64)

The motivation for this work, which will be discussed in greater detail later, was that the
effect of including certain processes in the calculation of the LNAC was not certain. The two
dominant contributions to 6 Mp, hence the LNAC to o,y are shown on fig. (3.1). It has been
remarked that within the framework of chiral perturbation theory, contributions to o,x from
process (b) in fig. (3.1) are absorbed into a redefinition of B* and B? and have no effect on
the value of o,n. We compare the values of o,y with and without process (b) in the following

section.

Our final expression for the valence quark contribution to the sigma term is then

3 m
vy 2 2_ 2
O'WN—_ZMNmS_m[:;MA M: 2MN+
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Figure 3.1: Loop processes that contribute to LNAC to orn.

SMZ 4+ 26M% — 36 M3). (3.65)

The second half of equation (3.65) should have a small component with non-analytic structure.
This is a consequence of our method to determine My and should be quite small, and for the

moment warrants no further investigation.

3.6 Results

The details of the loop corrections to the octet baryons are discussed in the next chapter. Using
the CBM to determine § My, § M=, § My, (the discussion of this is found in section (4.5)), and
the CBM to determine the LNAC to the sigma term, we found for the CBM radius [0.6, 1.2]

fm the results shown in table (3.1), with

0N = Opy + 0oy, (3.66)

with o, being given by equation (3.65), and o14; the third component of eq. (3.49). The sigma
term will consist of both analytic and non-analytic terms. oy has been considered analytic in

the quark masses, and is known as the valence quark contribution to the sigma term.
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Quantity With Decuplet Without Decuplet
My [55.3, 18.5] [34.5,12.8]
M,y [29.4,8.6] [12.7,4.2]

6 M= [7.4,2.3] [1.4,0.5]

ol [19.5,18.4 [20.6,18.7]
ol [47.9,13.7] [29.1,9.1]
OrN [67.4,32.1 [49.7,27.7]

3.6.1

80

~
O

Sigma Terms (MeV)

N
(@]

Figure 3.2: A comparison of o,n with and without decuplet contributions(pion loops only).

Table 3.1: Results for pion loop processes only.

Pion Loops

(0]
O

Decuplets included
Octets only

0.8

1.0

Bag Radius (fm)

A comparison of o,y with and without decuplet baryons is shown on figure (3.2).

The error associated with the value for o,n as a result of the uncertainty in the values
for 7 and m, was about 14 MeV. Regardless of the errors, clearly the including the decuplet

processes in § Mg and aﬂv improves the value of o,y. The sigma term with errors is represented

graphically on fig. (3.3).
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Figure 3.3: Pion-Nucleon Sigma Term with errors.
Quantity With Decuplet Without Decuplet
My [111.9,29.1] [73.3,20.3]
O My 303.3,75.5] 249.8,64.3]
oMz [354.0,87.2] 251.2,67.9]
oly [-30.8,5.5] [-34.1,4.8]
ol [49.1,13.8] [29.9,9.2]
OxN [18.3,19.3] [-4.9,14.0]

Table 3.2: Results for all meson loop processes.

3.6.2 Inclusion of all light mesons

The inclusion of the K, K and 7 mesons decreases the value of oy quite significantly. The
results are shown on table (3.2).

A comparison of the pion nucleon sigma term with and without decuplet baryons, for
processes involving all pseudo-scalar mesons is shown on figure (3.4).

It is apparent that the inclusion of all SU(3) mesons destroys the accuracy of the method
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used to determine the sigma term. However, it is also clear that the theoretical value for oy is
closer to the experimental value when decuplet processes are included in the calculation. This

will be discussed later.

80 [ : | |
s OF pepge ot __
> L
q-) - -
\E_/ : .
n 40 _h
e _
(l) ’_ f
: i
O 20 __ -
E L et T T i
o i P '
Dok T __
—20 i . ' I I | | | | | | | 4
0.6 0.8 1.0 19

Bag Radius (fm)

Figure 3.4: Sigma Terms with all meson loop processes included.

3.7 Conclusion

Our analysis of the sigma term has produced the following

e The LNAC to the sigma term increases when processes involving decuplet baryons are

included in the calculation.

e When processes only involving pions are considered, the theoretical value is very close to
the experimental value, although because of the uncertainties involved, including decuplet

processes is not crucial to reconcile theory with experiment.
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e The inclusion of processes involving all SU(3) mesons increased the value of okl slightly.
There was a rather substantial decrease in the value of oy, resulting in the total value
for the sigma term falling well below that of the experimental value. The inclusion of
processes involving decuplet baryons produced a value closer to the experimental value,
however this value (18.5 MeV) is far too small to be considered satisfactory. It is likely
that when perturbing about m, = 0, truncating the expansion after the § M3 term is not

sufficient. This is currently under investigation.

e As we have seen, an evaluation of the o,y term within the constraints of the CBM gives
a different value with and without the decuplet baryons. This is in disagreement with the
work of Gasser and Leutwyler [27]. Their contention is that the inclusion of the decuplet
baryons will be absorbed into the redefinition of the constants B, and By, as the contri-

bution will be linear in the quark mass. This will be discussed more later.

39



Chapter 4

The Cloudy Bag Model

4.1 Introduction

While QCD has had many successes, most notably in the use of QCD sum rules [26], and in
lattice calculations, it still yet to be shown that QCD predicts the confinement of colour. In
many situations, it is acceptable to use effective theories to model strongly interacting parti-
cles. While these theories may not be useful for all situations, they are easier to work with,

and readily yield testable results.

4.2 The MIT Bag Model

The first bag model was developed by Boglioubov in 1967. In this model, the quarks are assumed

to be massless particles inside the bag, and infinitely massive particles outside it i.e. [7],

W(r)=-m, r<R
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W(r)=0, r>R (4.1)

where W (r) is the scalar potential and R is the bag radius. In the limit m — og we achieve
confinement. Solving the Dirac equation for the potential (4.1), and imposing the boundary
condition that the quark current should vanish at r = R, leads to the quark wave function [7]

N, | Jo(%%) (12)

S
8
|
[uy
3
I
<
M= T

16551 (%)

This wave function can be used to calculate various properties of the model. The problems
with this model were numerous, however it was never intended to be a serious attempt to
model baryouns, rather a starting point for further investigations. The MIT bag model modified
Boglioubov’s model by introducing more consistent boundary conditions, thus confining the
quarks in a Lorentz invariant way. Boglioubov left R as a free parameter, to be determined
by a comparison with empirical values. In contrast, the MIT bag model’s constraint upon the
value of R came about as a result of an additional term in the Lagrangian (or the energy-stress

tensor). That is,

Tirr = (Theg. + Bg")Ov. (4.3)

Now, if we demand conservation of energy, (0,7t = 0), then it is straight forward to show
that B represents a pressure term which stabilises the system, and that the radius is determined
as a consequence of the value of B. The value of B is assumed to be the same for all baryons
- an untested assumption. However, in light of the successes of more sophisticated bag models

based on the MIT version, it is reasonable to assume that this is a good approximation.
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The Lagrangian density is given as

3

3 Z ary B 1 ~
Lyvir(r) = > 3 § ¢; — miqig;| Ov — BOy — 3 > Ggilss, (4.4)
=1 1=1

where

Oy =1 insidebag

Oy = 0 outside bag (4.5)
and the surface delta function, Ag, satisfies

9Oy = n*Ag. (4.6)

The MIT bag model is mentioned here as an historical prelude to the chiral bag models. A

more detailed discussion can be found in references [7,28-30].

4.3 Chiral Symmetry and the Bag model

A fatal problem with the MIT bag model is that it does not possess chiral symmetry. If we

consider the infinitesimal chiral transformations

q — ¢ —i(T.¢/2)7s9 (4.7)
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— iGys(7.€/2) (4.8)

q—

1|

we find

1 = T.€ ¢ _
Lyrr — Lyt + 5@[’7“,’75]+3u_7_q@v == §ql-§75q55- (4.9)
Obviously the MIT bag model is not chirally symmetric, which is a problem given that one of
the features of massless QCD is chiral symmetry. For the moment we will restrict ourselves to
the SU(2) x SU(2) group, which has 3 corresponding Goldstone Bosons, the pion iso-multiplet.
The obvious starting point for the development of a chiral bag model is the sigma model. The

Lagrangian for the sigma model is

—

Lo = 2980 — ¥lo +ir- Tl + 5(0u0) + 500 —Uleym) +eo  (410)

o |

or
Ly, =Ly —Ulo,x) + co. (4.11)

(0,) are the boson fields, ¢ is the nucleon iso-doublet. U(o, ) is a the potential, and is given

as

U(o,) = 2(02 + %) + %2(02 + 7). (4.12)

Lo — U(o, ) is invariant under a chiral transformation. A detailed discussion of the sigma

model is given in ref. [31]. It describes the symmetry features of hadron physics, but is not
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good enough to be a serious candidate for a model of low energy physics. Fatally, it predicts the
existence of a massive scalar meson, which has not been observed. This problem was corrected

in the non-linear sigma model, where the boson fields are defined (making use of o?+ 72 = %)

o = frcos(¢/fx)
m = frdsin(g/fr)- (4.13)

The term in which we are interested (for the purposes of a chiral bag model), is the nucleon-

boson interaction term. Under the above substitution we get

Ij;f“rs)?b- (4.14)

gP(o +iz - mys e —gfxpexp(i

4.4 The Cloudy Bag Model

It was the coupling term given in equation (4.14) that resolved the problem of chiral symmetry
breaking in the MIT bag model. After a low order expansion in powers of the pion field, the

Lagrangian for the Cloudy Bag Model (CBM) is given as

Loy = Lyt + Ly + L1, (4.15)
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where

¢, ]
Lyt = (%(?lp q— B)Oy — §<7<1AS, (4.16)
1 2 1 45 5
Ly = §(B,L7r) = 5MaT and (4.17)
—1
L= 2—(71 - TY59As. (4.18)

We can think of the cloudy bag model describing the nucleon as a bag containing 3 confined
quarks, surrounded by a pion cloud. The pions are ‘allowed’ to enter the bag, however the only
interaction between quarks and pions is at the bag surface. It is the surface term (4.18) that
restores chiral symmetry. In deriving the CBM Lagrangian, we have to assume that the pion
field, ¢/ fr is relatively small, so expanding exp(z %75) to first order is a good approximation.
Furthermore, we have to assume that the quark wave function is not perturbed to any signif-
icant degree by the pion field so the CBM quark wave function is the same as the MIT quark

wave function.

The equations of motion are found to be [32]

i Jq =0 inside the bag, (4.19)

n'qg =g, (4.20)
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B —%n - 0]qq] and (4.21)

—qvsTqAs. (4.22)

(0 + m2)a(z) = 5

The first three equations are the equation of motion and boundary conditions for the MIT bag

model. Equation (4.22) is the Klein-Gordon equation in the presence of an external source.

This is a general summary of the CBM. A more rigorous and complete discussion can be
found in [7,32-34,24]. It is not our intention to enlarge on the achievements of the CBM. Our
interest lies in using it to model the contributions to baryons masses from loop processes. We

will examine this in more detail now.

4.5 Loop Corrections

4.5.1 The Hamiltonian Formulation

The easiest way to examine the CBM treatment of one-loop processes is to use a Hamiltonian

formulation. We know

H= / e (4.23)
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where

_ 0LcBM
a(aMQ)

T(?EM :L‘) 8V - g“”ECBM(x).

We can quantise the pion field

. d3k
#0:0 = [ o

with a(E), aT(l_c') satisfying

[a5(F), az(F)] = [a] (R), al,(F)] = 0 and

[a3(E), al ()] = [a5(F), al(B)] = 6;5:8(F — F').

Substituting

N, _ Jo(%F)

- (F) = 20 X4
(47)2 1 2
1011 ( N )
into (4.24) we get Hepm. L1 is given as
L 'z dYsqA
= —0T -
I 27, qr - 9YsqAs

and we can show

N ., wWr i A T
g7vsq = x| (JO(E) - W—l‘h(‘ﬁ)) YovsT. - ¢
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(4.26)

(4.27)
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Noting that the Bessel functions are real, and that 75 and 4 in the Pauli-Dirac representation

are
0 1 1 0
Y5 = and 7o = ; (4.31)
1 0 0 —1
we get
H; = 2ji(5)io("5)7 - £z éxx. (4.32)
We now have
H = Hwir + Hr + H; (4.33)
where
HMIT = Z anaa. (4.3*’1)

Strictly speaking, Hmrr is found to be

: 18
Hyir = /daw [Q(—Z’Y -V)qg+ B+ 3 > (E: - B?)| Oy. (4.35)

a=1

However, as the non-exotic bag states, a, should be eigenstates of Hyyr we use expression
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(4.34). The pionic hamiltonian is, as expected,
H=Y | Bhw(k)a) (F)a;(F)

and

d*k

PHP = Z Rk

z_“ﬂjf_ozak*i + hermitian conjugate)

where (in a spherically symmetric bag)

o i
v = —1/2 /dSﬂcGXP(Zk £)é(r — R) < Blgrivsqla > .

2fr (2w(k)

P is the projection operator onto non-exotic states,

= ) la >< al.

all non—exotic states

Given (4.32), and

1 Q

Nt = ,
STR%2(Q) Q- 1

we get

phx = o L
B of, (2w)/2 47 R3O — 1
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(4.36)

(4.37)

(4.38)

(4.39)

(4.40)
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Now,

exp(ik - B) = 4r 3 32 ilji(kR)Y;;, (6, ¢)Yim(6; ) (4.42)
! m
and
74 = T DD o-Yiu(t, ) (4.43)

where (6, 4') are the angles for r, R, while (8, ¢) are co-ordinates associated with k. Using

equations (4.43,4.42,4.41, 4.40), we have

/ 03 - fa;(F)exp(ik - B) =

| [ S BTG 0000, 6) S o0 6 (4.44)

Making use of
/dQYE:n(0,7 ¢/)K'm’(0l7 ¢,) = 6l'l6m’m, (445)
we get

/ 0 - Fa;(R)exp(ik - B) = 4njy(kR) - ka(F). (4.46)
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Multiplying equation (4.41) by k/k we have

s i ji(kR) 1 0

kB 2f, kR (2w(k))/2Q -

3
T < Boes| D Maita - kla > . (4.47)

a=1

Now, it is straightforward to show that for pionic transitions

3
— 5 —
< Ns_f| Z AgiOa - kIN —f >= § < N|/\16’ k‘|N > (4.48)

a=1

where the s — f subscript denotes the baryon spin-flavour wave function. Thus, by writing

_ 35 (kR)

u(k) 57 (4.49)
and
gas = g% (4.50)
we have
N = Wé‘%u(k)n&- k. (4.51)

We do this in order to compare the CBM with other baryon-meson theories, such a static
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interaction

G 1 fNN1r = g
vp, = 1V4r (B m, v(k)T:6 - k, (4.52)

where v(k) is a simple "ad hoc” form factor. This illustrates the beauty of the CBM - the form

factor is a consequence of the phenomenology.

4.6 The General Baryon Vertex

We have the general-baryon baryon vertex

Jof af H(k)
(k) = :1V4r S kT B, (1) (27 )P 2 (4.53)
which can be simplified by defining
- +1
S = SWgx (4.54)
m=~1
+1
Ga= > s, (4.55)
m=-—1
+1 )
T=Y 1@, (4.56)
r=-1
and
+1 R
A% = 3 pal@ier (4.57)
r=-—1
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with £* and §* unit vectors in a spherical basis and a the quark label.

The various meson transitions are represented by the various Gell-Mann matrices, viz

Af = :F%(Al + 7:)\2),)\3 for p= 1, (458)
N = F (M o ids), Fom(As £ iAe) for p=1/2, (4.59)
T 2 ﬁ

and
AP = )g for p=0. (4.60)

The values of p =1,1/2,0 correspond to pion, kaon (and anti-kaon) and eta meson transitions

respectively. For the kaon transitions, the operators in equations (4.56) and (4.57) will be
L

defined in terms of two unit vectors, ti:, and for the eta transitions, these operators will be

defined in terms of one unit vector, £3*.

Now, the Wigner-Eckart Theorem states [35] that the matrix elements of an irreducible

tensor, T*) between two states, |¢y2 > and |@2 > is written (in the notation of ref. [35])

< $RITW| gl >=3 (1) < ol |[T#| |y >, (4.61)
Yy
where
(s (4.62)
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is the Wigner 3j symbol and the reduced matrix element depends only on the representation

involved, i.e. is independent of the azimuthal quantum numbers. The reduced matrix element

does not need to be evaluated explicitly. Given

(M1W2~,) — (_1)#27+V2—2M1 (2H2’Y + 1)—1/201111/1/2

120427 12~ ?

for the af¢, coupling we can write

o SgMSa 1
S5 =< SasalSY|Sass >=< Sal|SVIISs > OIS (Go—7)?

and

1

TT(P)aﬁ =< Tata|TT(p)|Tﬁtﬂ >=< TOIHTT(p)”Tﬁ > C;[;;?a(m

)/
If we write the reduced matrix element as C**!, then we have
< SasaTutalTnSm|SsspTts >= C*PCLyee Colir..
We can now see that

Do o o 8 Sa NI ta [ Ppx Ak e
Sl kT b= ZZC ﬂCsiTsa CT[;;TQ (&7 - e5)(85, - k).

1C*P incorporates the factor of (251_|_1 /2
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Comparing baryon-baryon vertex using quark and baryon degrees of freedom, we find

3

0
o sgMmsa ~tpTta ga a(p) = 3
EC OCS1se Clypt, = 2, < Boms| Do AP |ots s > 5 (4.68)

a=1

and if we define the af¢, coupling constant to be
o7 =8 (4.69)

and use the symmetry properties of the spin flavour wave function of the baryon, then

< ay—s|os NP By > 3

sgMSa tﬁTta )
C1Sﬁ1.5'0l CT'@pTa 5

Fo = 3gpga (4.70)

where g, = ]2\—% We have calculated the ratio 3 f*#7/5(g;g4) using mathematica, and the results

appear on tables (4.1) to (4.4). If we compare equation’s (4.51) and (4.52), we can see that

2fx
ga = 477Mi1rfNN1r- (4.71)

We can now relate all coupling constants to the value of fxn,, i.e.

(1) y3(p)
< g3 AL o > 3
fobr = 3V/ir e Cj’t"’lﬁ:{s"ctﬁrtf ! fNng (4.72)
gx Sp156 CTspTa

The value for fyn, has been determined to be f3y, = 0.081 [7].
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4.6.1 The Baryon Self Energy

We now have the simplified vertex function

ofp - u
T SOOI G R D 6

Pmr

aﬁ

Given the vertex function, we can calculate the loop correction to the baryon mass,

dM,(E,), where

Il
§My(Ey) =< o|Hj—————Hjla >, _
(Ea) =< B — o) Ila > (4.74)
where Hj 1s written
H; = ZZ/(ZS (k)ai(k) + hermitian conjugate] . (4.75)
Using the commutation properties of Hyp, we find
1
- &k < alVi(k Tk > . .
LY [ Pk < alVibg—g % Bl > (476)
Using Y5 |8 >< | = I and V;?‘ﬂ =< a|V;|B >, we have
s v
P i\
ZZ/ A _Mﬁ_wp(k) (4.77)

If we substitute eq. (4.73) into eq. (4.77) we will have

fobp 2 uz(k)k“

:;gg/“<m)wﬂawm—%—wm

AB, (4.78)
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‘where

A=Y X [ 0085 OO G- F)dn - B) (4.79)

m,m’ 98

and

B= ZZZO% Coran(n - &),

! ta

) (4.80)

Given that an arbitary function can be expanded into a series of spherical harmonics,

i.e. [36]
F0,6) = 3 (0
where
aim = | " 36 / " sindr, £(8, 9),

we can write

7

(4.81)

(4.82)

(4.83)

ey racT=TOrAT M




We now have

4 m a 3 maa
T 0T T O O S st Vin 0 (0, 6),

tg m,m’

which can be simplfied by using [36]

/ QY5 (0, 6)Vim (0, ) = 816y,

!
IgMSx ~8aM Sa spmsa
OS;;lS‘1 Cs,,m,,, [ Splsa] bmm?s

and
spmsa ,S‘ﬁm Sa _
Z CS‘glsu 5515a = Omm,
Sg,m
which gives A = %*. Now, if we consider

tarta t "ta 1 2
B = Z]atﬁECTi:Ta Tf;;Ta(t:'ej)(tr"ej),

r,7!

we can use (4.86), (4.87) and

Zt: ety €5 = 1,
Jr

to give B = 1.
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ratio N X A = A = ¥ Q
N 5 0 0 0 42 0 0 0
) 0 4/6/3 =2 0 0 0 -4 /3/3 0
A 0 23 0 0 0 0 2 /6 0
= 0 0 0 -1 0 -2 /2 0 0
Table 4.1: Unrenomalised = « 8 coupling constants.
We now have a simplified form for the baryon self energy, at E, = M,,
fehe o1 /00 dkk*u(k)?
oM, = — : (4.90)
L2 5 b S0 - M ()

where f*7 is the afp coupling constant as defined in eq.(4.70). For the nucleon self energy

corresponding to the process shown in fig. (3.1) we would have

3f2y oo khu2(k)dk 393f2, o Khul(k)dk
§My = 2INN / e / (4.91)
mm2 Jo wp(My —wi — Mn) 25 mm2 Jo wp(My —wp — Ma)

which is in agreement with the expression for é My given in ref. {7].

Equation (4.70) allows us to relate the couplings for all SU(3) mesons to the nucleon-
nucleon-pion coupling constant. The ratio given in eq. (4.70) for the 4 mesonic transitions
is given on tables (4.1), (4.2), (4.3) and (4.4). Given this, we can find the self energy for all
baryon-pseudoscalar loops. The mass correction corresponding to the proccess shown in figure

(4.1) is found to be

1 _)(}'\!}\,rﬁ '2_9‘(](‘_7' k4u2(k)dk

My =30, ) 25 fn)Z/o wn (k) (My — w, (k) — My)’

(4.92)

with w, (k) = (/k? + m?2. The contribution, for this case, is clearly negligible when compared

with the pionic corrections.
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Figure 4.1: NN self energy process.

ratio N by A = A ¥ =" Q
N 1 0 0 0 0 0 0 0
3 0 2 0 0 0 -2/2 0 0
A 0 0 -2 0 0 0 0 0
= 0 0 0 -3 0 0 -24/2 0

Table 4.2: Unrenomalised n « S coupling constants.

ratio N by A = A =4 ¥ 0
N 0 1 -3 0 0 0 -2/2 0
)3 0 0 0 -5 /6/3 0 4/\/3 0 0
A 0 0 0 V2 0 4 0 0
= 0 0 0 0 0 0 0 4

Table 4.3: Unrenomalised K « § coupling constants.

ratio N by A = A ¥ = Q
N 0 0 0 0 0 0 0 0
5 -/2/3 0 0 0 8/v/3 0 0 0
A 3v/2 0 0 0 0 0 0 0
= 0 -5 1 0 0 -2/2 0 0
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Chapter 5

Checks of calculation

5.1 Overview

There are a number of known quantities that can be used as a check of our results. The Fortran
program that we used to calculate our theoretical values involved coupling constants that were
determined by a Mathematica program. The expression for the self energy of the nucleon as a
result of pion loops has been derived many times, however the treatment of processes involving
SU(3) transitions is slightly more complex. To check this we reformulated the anti-kaon loop

processes into SU(2) (V-spin) transitions, to gain a comparison.

5.2 Coupling Constants

In section (4.6) we derived an expression for the general baryon-baryon-meson coupling. We

compared the coupling constants derived with those derived from an OBE potential for baryon-
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a B P S IMp(x107°) | gap/(Ma + Mg)(x107°)
N N e 2.12 1.97
A ¥ e 1.47 1.46
) by T 1.39 1.40
N N n 0.80 0.96
>3 by n 1.68 1.87
A N K 4.33 1.94
by N K 0.84 0.57

Table 5.1: Comparison of results derived using the SU(3) quark model and those derived from
hyperon-hyperon scattering in the OBE model.

baryon interactions. The interaction is characterised by the Hamiltonian density

HEPP = {Copy, 500", (5.1)

where 9 and ¢ are the baryon and meson fields and C' is the coupling constant, which can be
written f*PP/M,, or gus/(My + Mg). f*PP can be determined from equation (4.70) and g, is

reproduced from [37]. A comparison is shown on table (5.1)!.

5.3 Kaon Transitions

Using the method outlined in chapter 4, we would have

3 fNNﬂ- 1 dkk4u2(k) 3 fNNﬂ- 9 dkk4u2(k')
SMY = = (=22 — - s - (3
N ﬂ'( iz ) 25/wK(MN—Mz—wK) +7T( Mo ) 25/LUK(MN—MA—UJK) (5 2)

The procedure used to evaluate § Mp using SU(2) is well documented. The treatment of loop
corrections with SU(3), as is done in this report, is not. Of course, the loop corrections will be

the same, but it is not unreasonable to compare.

'It is likely that the OBE coupling constants, g.p, are constrained by SU(3) relations. The discrepancy
betweep the two columns is a consequence of using real baryon masses in column 3 (which would have different
values in a theoretical “SU(3)-symmetric world”).
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Just as the octet baryons can be considered a super multiplet consisting of 2 isospin
doublets ((n,p) and (Z~,Z°)) an isospin triplet (X7, X% XF) and the isosinglet (A), it can also

be thought of as a super multiplet of V-spin multiplets. The V-spin multiplets are as follows

(x7,n), (E°%%t) V—spin 1/2
(27,%%p) V —spin 1

AV —spin 0. (5.3)

Using the V-spin SU(2) subgroup we can then calculate the relative coupling constants of the

baryon-baryon-kaon vertex, providing a useful check for the method used in chapter 3.

The operators for the SU(2) subgroup can be written in terms of the Gell-Mann matrices,

Vj: = :F()\4 + ’&)\5)

3
8v2

Vi = —(i/\3 + Ag). (5.4)

More simply, we can see that

Vs >— —|u >,
Vi >— |s >,

1 1
Vslu >= §|u > and Vi|s >= ——2-|s > . (5.5)
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Using the same methods we used for the pion transitions, we can relate all baryon-baryon-
kaon coupling to a particular coupling constant. The advantage of using SU(2) subgroups to

do this is that the working is simplified somewhat.

It is not our intention to evaluate every kaon loop correction. We will look at the coupling

for the N - AK — N and N — YK — N processes.

We know

v 0 kR &
l/ki - 2fﬂ_Q_1 kR < Ns_f|ZTa1,o'a k|N_f > . (5.6)

a=1

Similarly, we will have

z Q 5(kR) i ~
KVﬁEZQfKQ_l e < Nyg| Y rKG, - k|Zs >, (5.7)

a=1

where Tﬁ is the SU(2)v_spin Pauli matrix. Using the spin-flavour wave functions for N and X,

equation (5.7) is found to be

1 ga u(k) -
K NT _ .- ! K= |
Yk T V50 e (2w (k) (2m)3)2 4 0O k. (5.8)

Using

Z < N|7%|8 >=3, (5.9)
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we find the contribution to the nucleon mass from the 3K loop process is

5MK2 — 4
il w25 my K wK(k)(MN — ME — wK(k))

which is in agreement with our term derived in chapter 4.

We could use the above method to find

.3'\/§ gA u(k) - -
K, NA _ K= T
TS 2 fk (uk(R)(2m)B) R 4 . (3-11)
Using
d " < N|rf A >=1, (5.12)

we would have the same expression as is given in equation (5.2).
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Chapter 6

Discussion

6.1 Introduction

There are several areas that require discussion.

o The original motivation for this work was the role by the decuplet baryons in determining
the value of the sigma term. We are comparing our value, determined by using the CBM,
with a value determined using chiral perturbation theory. It is unlikely that this is the
source of discrepancy between the two sets of results, however the relative complexities

of the two methods suggests that the conclusion is not a closed case.

e The consequences of including all meson loop processes in the calculation highlights the
problems with Gasser and Leutwyler’s expression for the sigma term (eq. (3.49)). If we
are to produce a credible estimate for the valence quark contribution to the sigma term
then we must develop a new expression. If one is to use the octet baryon mass formula
to estimate B* and B¢, then one must consider perturbing about m, = 0. This presents

serious problems.
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6.2 The role of the decuplet baryons

The challenge of Chiral Perturbation Theory is to provide a model of QCD, which yields phys-
ical predictions by treating QCD as an expansion in the masses of the 3 light quarks. The
formalism for a given perturbation theory depends on the choice of expansion parameter, and
as a result there are various perturbation schemes. The role of the decuplet baryons in the
treatment of hadronic physics is not yet clear. Certainly there is a contribution, but it is not
yet certain as to whether it is significant. The role of the decuplet baryons in the various forms

of xPT is far from resolved.

In this section we review previous work involving the role of decuplet baryons in chiral
perturbation theory. We conclude that there are reasonable grounds to assert that the pro-
cesses involving decuplet baryons do contribute significantly to the pion-nucleon sigma term.
Furthermore, this contribution should be observed when xPT is used, and should not be a relic

of the phenomenology.

6.2.1 The Work of Gasser and Leutwyler

The original motivation for this work was comments made by Gasser, Leutwyler and Sainio [19].
Their contention was that the A-resonance does not alter the value of the sigma term at order

q® in xPT. If we define

O-WN:Ed+A

where A = Ap — A, — AR
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and X,y = 2g+ Ap. (6.1)

¥,n is the experimental value of the pion-nucleon sigma term, with

Ba = fi(dg + 2u’dg,) (6.2)

determined by considering the amplitude

D (t) = dfy + td,. (6.3)

In [19] it was written

. the constants d3y and d3, must account for all analytic terms of order ¢*. In
particular they include the contributions of order ¢* generated by the singularity . ..
What the chiral representation for D* (t) at first non-leading order does not account

for is only what remains of the A-term after the piece of order ¢ is removed ...

In [38] it is argued that the first observable effects of the intermediate decuplet states

appears at order ¢*, and that a closer look at higher order contributions is required.

While the comments in [19] may have been correct for order ¢® (indeed, it is shown that
decuplet contributions are linear in m for order ¢? in [38]), it has become clear that treating

xPT to this order is not sufficient.

Generally, the whole question of whether it is productive to perturb about SU(3)y sym-

metry remains unanswered.
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6.2.2 Further Studies of the Decuplet Contributions

When considering the octet baryon mass formula, and the role played by intermediate decu-
plet states in the loop corrections [38], there are many higher order terms that give non-trivial
contributions to the baryon mass. It is generally accepted that for a comprehensive analysis
of the role of decuplet baryons in xPT, a calculation of higher order terms in the expansion is

needed.

There is no doubt the decuplets play a crucial role in a complete treatment of yPT. For
example, in [39], it was found that if a heavy particle effective Lagrangian is used, the LNAC to
the baryon axial form factors is of the order of 100%. That is, the SU(3) breaking corrections to
the axial charge are approximately 100 % of the total value. This is much larger than expected,
and it is found that the corrections are largely cancelled by including contributions from the

decuplet baryons [40].

The role of decuplets in calculating corrections to the Gell-Mann - Okubo (GMO) mass
formula, the Coleman - Glashow relation (CG) and the ¥ equal spacing rule was investigated
in reference [41]. It was found that including a decuplet term in the Chiral Lagrangian with
a non-zero mass difference (between octet states) did improve the CG relation. The inclusion
was insignificant in the calculation of the ¥ equal spacing rule (as are all loop corrections), and
did not provide information regarding the GMO mass formula as any results would have been

model dependent.
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In the entire body of this report, we have used the Cloudy Bag Model to evaluate the
effect of loop processes on the value of the sigma term. The CBM is a highly successful, albeit
simple, model of baryons at low energies. Gasser and Leutwyler use Chiral Perturbation Theory
in all of their work [19,27,14]. Chiral perturbation theory is superior in that when all processes
involved in the chiral expansion are considered, it should model Nature exactly (it should be
noted that YPT does not yield readily to analysis for anything but the simplest of perturbation
parameters). However, it is unlikely that the difference in models used is a satisfactory expla-

nation for the difference between our results and those of Gasser and Leutwyler.

In an explicit calculation, Rawlinson et al [25] find that when the CBM is used to deter-
mine the loop corrections to the sigma term, 47 per cent of the total contribution by processes
involving decuplet baryons is from the non-analytic component. Given that the sigma term, as
described by the CBM, exhibits the same analytic structure as expected from yPT, we can be
confident that the difference between our work and the work of Gasser and Leutwyler is not

the result of using different techniques.

6.3 Meson Loop Corrections

As we saw in the last chapter, the inclusion of the K, K and 1 mesons loops destroyed the
accuracy of the expression used to determine o,n. If one is to use equation (3.49), then all
pseduo-scalar meson loops must be considered in the evaluation of 6 Mg, where 6 M is the dif-
ference between the value of loop corrections for massive and massless mesons. As the masses

of the K, K and 7 are quite large, (= 500 MeV), the size of the loop corrections are quite large,
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therefore equation (3.49) of little use to evaluate o,ny. The problem lies in the use of the mass
formula to express B? in terms of the octet baryon masses. As was mentioned in chapter 1, the
mass formulae are constructed by using the fact that B? for ¢ = u,d, s obey SU(3) relations.

For this to be the case, the interaction Hamiltonian must contain m,3s.

The size of the strange quark mass makes it unproductive to use the point ms; = 0 in a
perturbation scheme. This does not present an insurmountable problem, as what we are inter-

ested in is evaluating the mass shift to the nucleon when the up and down quarks are given mass.

One of the problems with using equation (3.49) is that the value of My is not directly
obtainable from empirical data (without further assumptions). After an extensive examination,
Gasser and Leutwyler state that for the sigma term to be compatible with data, we must have
My < 600 MeV, or y > 0.3. This might be correct, however it is hardly a satisfactory conclusion.
It should be noted that at the time of writing [16], it was generally believed that the experi-
mental value of the sigma term was 60 MeV. Furthermore, Gasser and Leutwyler were working
with a LNAC determined to be roughly 10 MeV. If Gasser and Leutwyler were working with

an experimental value for the sigma term of 45 MeV, then they would demand M, < 1200 MeV.

We have determined My to illustrate the problem with using eq. (3.49) to evaluate o,p.
When all relevant processes are considered, we find My > 1200 MeV and is therefore not com-
patible with the experimental value for o,y of 45 MeV. The problem lies not with our treatment
of the loop corrections, rather the reliance on the mass formula to determine r(B* + B%). The

values for Mo when various loop processes are considered are shown on table (6.1).
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Processes Octets only Decuplets Included
Pions Only [1057.5,1085.2] [1066.3,1087.6
All Mesons [1475.7,1196.0] [1330.7,1164.6]

Table 6.1: Value of the baryon bare mass for various loop processes.

A more straightforward demonstration of the inadequacy of Gasser and Leutwyler’s for-

mula is to simply consider the value of My. For B° = 0 we have

M3 = M2 +2Myol% + 2MnSMy. (6.4)

Obviously My should be less than Mpy. The fact that it is not is the result of My being
determined by a series of expressions which are incomplete. The only way in which the baryon
mass formula, produced by considering Hy = —((au + dd) + m43s), can be of use is if the
expansion includes terms higher than those corresponding to one loop processes.

The fact that M, is greater than My is a relic of trying to determine M, from an incom-
plete set of equations. Solving the octet baryon mass formulae gives m,B*/(M3%) ~ —1/2 when
only pionic processes are considered and a slightly larger negative value when all pseudoscalar

meson loop contributions are included.

Using equation (6.4), we can see that My should be about 890 MeV.

6.4 Remark : The GMO Mass Relation

If we truncate the expansion of the baryon mass after one loop then,

3 1 1
ZMX + ZMg — 5(M]%, + M%) = AGMO2
— 35 2, 1 2 1 2 2
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or, using the linear mass formula,

1 1
%MA + M = 5(My + Mz) = AGMO
3 1 1
= S8My + My — S(8My + M=), (6.6)

This is the Gell-Mann Okubo mass relation. At first glance it appears that it may be a
decent test of our phenomenology. However, the GMO does not depend on the loop corrections

to the 4 octet baryons in the chiral limit, that is

1 1
%AMX 7AME — S(AM +AME) =0, (6.7)

where AMY is the correction to the baryon bare mass from massless meson loops. As the
contribution from kaon and eta mesons to the total loop correction for massive mesons (AMp)
is quite small compared with the contribution from just pion loops, the GMO mass relation
will hold regardless of the size of the contribution from kaon and eta meson loops. Put more

simply, AGMO will be small, regardless of the value of é Mp, where
§Mp = AMp — A°Mp. (6.8)

The values of AGMO for various loop processes are shown on table (6.2).

This section is included as a comment, and is not directly relevant to the study of the

sigma term. Il is worth noting for interests sake, as well as explaining why the inclusion of kaon
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Processes AGMO (MeV)
octets only, pions only -5.6
decuplets inc. pions only -3.4
octets only, all mesons inc. 12.7
decuplets inc. all mesons -3.6
experimental value 7.4

Table 6.2: AGMO for various loop processes.

and eta mesons destroys the accuracy of expression (3.49), but not the accuracy of the GMO

mass relation. Eq. (3.49) depends on the value of loop processes in the chiral limit.

6.5 A new expression for o,%

Ideally, we should look for a method to evaluate the valence quark contribution to the sigma
term that does not involve using the strange quark mass as a perturbation parameter. When
the strange quark mass is used as such, it is relatively straightforward to express m(B* + B%)
in terms of the =, N and A baryon masses. In the absence of strange quark masses, a similar
technique (as was used previously) would not be feasible as the bare mass, Mo, that is, the mass
of the nucleon in the limit m = 0 (m, # 0), would not be the same for the = and A baryons.

However, the A and N baryons have the same quark content, thus one might expect

My = Mo+ oxn + 6My + aA* M (6.9)
and
Ma ~ My + Boen + 6Ma + yAMM, (6.10)
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where (aA"M —~vA*M) is the mass difference between the N and A resulting from the respec-
tive spin-spin interactions. Of course, it is no longer a simple matter of using H; = r(au + dd).
Using the quark model, one can paramaterise the octet-decuplet baryon mass splittings. One
such method is covered in great detail by Murpurgo [42,43]. The problem with using such a
parameterisation is that in order to obtain enough data to fit the unknown constants to, one
must parameterise the = and A baryon masses, which was just what we were trying to avoid.

For example, if we modify Murpurgo’s parameterisation to include non-strange quarks, we have

MB—MM‘“—I—BZPS-l—CZm ox)+ DY (0i- o)+ P)+E Y. (0i-0%)P+

1>k 1>k 1#j£k, 1>k
FZ(P“ +PH+GY (oi-or)(P+ P+ P+ PO+ H Y (0i- o) (PP + PH.11)
i>k i#i#k, 1>k

where P is the projection operator for quark number i (¢ = u,d,s). MM and B,C..H

2

are unknowns and need to be fitted to the baryon mass spectrum. It is reasonable to put

B/F = D/G = E/H = m,/rh, which gives us 5 unknowns. If we consider the N,=, A, A and
=* masses, then o,y = 24.5 MeV. Still, this is really no more satisfactory than the method
used in the previous chapter, and is only mentioned to illustrate that even if one is to consider

the decuplet baryon mass formulae, it is still not possible to extract o% from the baryon mass

spectrum in a model independent way.

Clearly the expressions for My and Mj, given in (6.9) and (6.10), do not provide us
with enough information to evaluate o,}. The term A*M is the spin-spin splitting between
the quarks in the baryon, and can be calculated for the various baryons using the MIT Bag
model [7]. A discussion of the hyperfine splitting is found in ref. [29]. There may also be similar

processes that need to be considered, all of which could ultimately provide enough data to
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determine ¢4, from equations (6.9) and (6.10). However, if one is going to use the MIT bag
model to calculate the effect of turning on the light quark masses, it would be much simpler to

evaluate m < N|au + dd|N >, where |N > is the nucleon MIT bag model state. Jameson et al

have done this and find [45]

0% =175+9 MeV. (6.12)

When this value is used to determine 0% (= oly), we find that at R = 0.84, o,y = 44.54 14
MeV (when only pion loop processes are considered to determine o%;). When decuplet pro-

cesses are omitted, o,y = 34.6 13 MeV.

The inclusion of the K, K and n meson loop processes increases o,y by 0.6 MeV, giving

a remarkable agreement between theory and experiment.

This method is not entirely satisfactory because of the large size of the error. However,
as we saw earlier in this section, it is simply not possible to extract o % from data when the

baryon mass formulae are used to one loop or less.

6.6 Conclusion

In this chapter we have discussed our calculation of the sigma term, with particular emphasis
on a comparison with the work of Gasser and Leutwyler. We have found that their technique
to determine o, is unworkable, when treated completely. That is, when the loop terms in the

mass formulae include K, K and 7 processes. We have also observed that their treatment of ol
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was incomplete, and made references to other work that reinforced this notion. Finally, when
we consider a method to determine o, % that does not involve the strange quark, and evaluate
J,Ir]I\,- with decuplet processes included, we find o,y = 45.1 MeV, in excellent agreement with

experiment.

One final note, in the body of this report, there have been a number of papers of which,

while they have not been directly cited, were extremely useful. These publications, ref. num-

bers [46-61] are listed merely as a guide to the interested reader.
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Chapter 7

Conclusion

In this thesis we have examined previous attempts to calculate the pion nucleon sigma term.
We found that the attention given to the processes involving decuplet baryons and all SU(3)
mesons has not been sufficient in the past. As a result we examined a method to calculate oy
that did not involve strange mesons and found that the inclusion of processes involving the

decuplet baryon gave a significant improvement to the theoretical value of orn.
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Appendix A

Fortran Program

This is the original version of the Fortran program used to evaluate the sigma term. Modifica-
tions were made to evaluate the i dependence. When calculating the sigma term for certain

processes, the relevant couplings were removed.

C CONSTANTS

C mb(i) - Mass of baryon i. mm(i) - Mass of meson i

C fm(i) - Decay constant of meson i,

C rad - RADIUS OF BAG mpi - mass of pion

C £f£f£(1,j,0) - coupling constant between baryon 1 and j, meson o
C N Number of points sampled for each integration.

C ALL MASSES ARE GIVEN IN INVERSE FERMI’S AND ANSWER IS GIVEN

C IN MeV.

PROGRAM final
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Define constants

implicit double precision (a-h,0-z)

double precision ff(4,8,8) kc,h2

double precision wt,i,mb(8),tot8,g7,mbare

double precision mpi,rad,upp,factor(4),l,e1

double precision k,ep(4),h,fm(4),0,e,g4,sumé,sumd

double precision suml,mm(4),c,d,sum2,sum3,g2,g3,g4,22
double precision totl,tot2,tot3,tot4(4),tot5(4),tot6,t0t7
double precision mhat,mstr,sigma,tot9(4),totO,mz,dz
double precision p4,mn,ml,mc,dn,dl,dc,sigl,sig2

double precision sam2,sam3,samé,tatl,tat0,tat2,tat3,tat4(4)
double precision tat5(4),tat6,tat7,tat9(4),h1,bs1,bdl

real n,pp

Assign Values
n = 1000

mpi = 134.9739/197.3

mm(1) = 134.9739/197.3
mm(2) = 548.8/197.3
mm(3) = 493.646/197.3
mm(4) = 493.646/197.3
fm(1) = 93/197.3

fm(2) = 117/197.3
fm(3) = 125/197.3
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fm(4) = 125/197.3

factor(l) = 1
factor(2) = 0.333333
factor(3) = 0.5
factor(4) = 0.5

mhat = 5.5/197.3
mstr = 130/197.3
mb(1) = 938.4/197.3
mb(2) = 1314.9/197.3
mb(3) = 1115.6/197.3
mb(4) = 1189.4/197.3
mb(5) = 1232.0/197.3
mb(6) = 1530/197.3
mb(7) = 1385/197.3
mb(8) = 1672.4/197.3

Coupling constants. Certain processes removed by removing

relavent coupling constant, hence giving contribution equal to zero.

£f£(1,1,1) 0.081%3

£f£(1,1,5) (72%0.081/25)*4/3

£f£(2,1,1) = (1%0.081%3/25)*(fm(1)/fm(2)) **2
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££(3,1,4) = (1%0.081%3/25)*(£fm(1)/fm(3))**2
££(3,1,3) = (9%0.081%3/25)*(£fm(1)/fm(3))**2
££(3,1,7) = (8%0.081%3/25)*(£fm(1)/fm(3))**2
££(1,4,4) = 48%0.081%3/(3%25)

£f£(1,4,3) = 4%0.081%3/25

££(1,4,7) = 16%0.081%3/(3%25)

££(2,4,4) = (4%0.081%3/25)*(fm(1)/fm(2))**2

££(2,4,7) = (8%0.081%3/25)*(fm(1)/fm(2) ) **2

£f£(1,3,4) = 12%0.081*3/25

££(1,3,7) = 24%0.081%3/25

££(2,3,3) = (4%0.081%3/25)*(£fm(1)/fm(2))**2
££(3,3,2) = (2%0.081%3/3)*(£m(1)/£m(3))**2
££(3,3,6) = (16%0.081%3/25)*(fm(1)/fm(3))**2
££(4,3,1) = (18%0.081%3/25)*(fm(1)/£fm(3))**2
££(1,2,2) = 1%0.081%3/25

££(1,2,6) = 8%0.081%3/25

££(2,2,2) = (9%0.081%3/25)*(£fm(1)/fm(2) )**2
££(2,2,6) = (8%0.081%3/25)*(fm(1)/fm(2))**2
££(3,2,8) = (16%0.081%3/25)*(fm(1)/fm(3))**2
££(4,2,4) = 1%0.081*3%(fm(1)/fm(3))**2
££(4,2,3) = (1%0.081%3/25)*(£fm(1)/fm(3))**2

££(4,2,6) = (8*%0.081%3/25)*(fm(1)/fm(3))**2

pi = 3.141592653858
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Open data files for output, modify names as required for

considering certain processes.

open(1, file=’dinil.dat’)
open(2, file=’din2.dat’)
open(4, file=’din4.dat’)
open(6, file=’din6.dat’)
open(7, file=’din7.dat’)
open(8, file=’din8.dat’)

open(9, file=’din9.dat’)

Start loop for a range of values of rad.

do 35 zz = 1,31

rad = 0.6 + (zz-1)*0.02
sigma = 0

péd =0

Start loop for each baryon considered.

do 201 =1,4
tot5(1) = 0
tot4(1l) = 0
tat5(1) = 0
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Start loop for each meson considered.

do 17 0 = 1,4

tot0 = 0
totl = 0
tot2 = 0
tot3 = 0
tot7 = 0
tot9(o) = 0
taté = 0
tat7 = 0
tat8 = 0
tat9(o) = 0

Start loop for each transition baryon

do 15 j = 1,8

sum2 = 0
sum3 = 0
sum4 = 0
sam4 = 0

Begin Integration.
do 10 i = 1,n-1

Define Gaussian Quadrature
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pp = -1 + 2%(i)/n
if ((mod(i,2)).eq.0) then
wt = 2

else

[[]
NS

wt

endif

if ((i.eq.(n/2)).or.(i.eq.n-1)) then

wt =1

endif
C For the massless pion processes, the principle value will need to
C taken to allow the integral to be evaluated numerically.
C The point upp represents the half way point in the integration
C range. If the principle value integration is not required, the
c midpoint is chosen to be 10 inverse fermi.

kc = mb(1l) - mb(j)

if (mb(1l).gt.mb(j)) then

upp = ke
else
upp = 10
endif
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Notes on integration : g2,g3,g4 represent the two LNAC’s to the
sigma term and the loop corrections to the baryon mass for massive

mesons respectively.

k

(upp* (1+pp)/ (1-pp))

h = 9%((((sin(k*rad))**2)/(kxk*rad**6))- (2% (cos(k*rad)*

& sin(k+rad))/(k*xrad**5)) + (((cos(k*rad))**2)/(rad**4)))
ep(o) = sqrt(kxk + mm(o)*mm(o))
h1 = 9%((((sin(k*rad))**2)/ (k¥k*rad**6))-(2*(cos(k*rad)*

& sin(k*rad))/(k*rad**5)) + (((cos(k*rad))**2)/(rad**4)))

¢]
n

2% (ep(0)*ep(0)*((mb(1) - mb(j) - ep(o))**2))

o}
[

2% (ep(0)**3)*(mb(1) - mb(j) - ep(o))

ep(o)*(mb(1) - mb(j) -ep(o))

o
]

(2%upp/ ((1-pp) **2))*h/c

oQ
3]
"

(2xupp/ ((1-pp) **2))*h/d

(02]
w
"

(2*upp/ ((1-pp) **2))*h/e

oa
18
[}

When the loop corrections are evaluated with massless mesons,
some processes require the integral to be evaluated using the

principle value method, as follows.

kc = mb(1) - mb(j)

if (mb(l).gt.mb(j)) then
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C The above determines whether PVI is needed or not. If yes then -

&

upp = kc

h1 = 9% ((((sin(k*rad))**2)/(kxkxrad+*6))-(2*(cos (kxrad)*
sin(k*rad))/(k*rad**5)) + (((cos(k*rad))**2)/(rad**4)))

h2 = 9*((((sin(kckrad))**2)/ (kcxkckrad**6)) - (2*(cos (kckrad) *
sin(kckrad))/(kcxrad**5)) + (((cos(kc*rad))**2)/(rad**4)))
el = kx(mb(1) - mb(j) -k)

if(k.eq.kc) then

gr =0
else
g7 = (2%upp/((1-pp)**2))*(h1/el + 2¥h2/(k**2 - kc**2))

Else, if the PVI is not needed, the integral is numerically evaluated

as normal.

else

hi = 9% ((((sin(k*rad))**2) /(kxk*rad**6))-(2*(cos(k*rad)*

sin(k*rad))/(k*rad**5)) + (((cos(k*rad))**2)/(rad**4)))
el = kx(mb(1) - mb(j) -k)
g7 = (2*upp/((1-pp)**2))*hi/el

endif
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10

sum2 = sum2 + wt*(g2)*2/n
sum3 = sum3 + wt*(g3)*2/n
sumd = suméd + wt*(g4)*2/n

sam4 = samé4 + wtxg7+#2/n

continue

tot2 = sum2/3

tot3 = sum3/3

tot0 = £f(o,1,j)*(tot2 - tot3)/(mm(1)*mm(1)*pi)

totil

(tot0)*197.3

The following line sums over all meson processes for the LNAC
to sigma term, the factors are included as required by expression
in report.

tot4(1l) = tot4(l) + factor(o)*totl

The following evaluates the loop corrections with massless and massive

mesons, summing over all meson loops for given baryoms.

tot7 = (sum4/3)*ff(o,1,j)/(pi*mm(1)*mm(1))

tot9(0) = tot9(o) + (tot7)
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15

17

20

tat7 = (sam4/3)*ff(e,1,j)/(pi*mm(1)*mm(1))

tat9(o) = tat9(o) + (tat7)

continue
tot5(1) = tot5(1l) + tot9(o)
tat5(1l) = tat5(1l) + tat9(o)

sigma = mm(1)*mm(1)*tot4(1)

continue

continue
mn, ml, mc and mz refer to the masses of the nucleon, lambda and
sigma baryons, the "d" preceding each term refers to the total

contribution from loop processes.

mn = mb(1)
ml = mb(3)
mc = mb(2)
mz = mb(4)
dn = tot5(1) - tat5(1)
dl = tot5(3) - tat5(3)
dc = tot5(2) - tat5(2)
dz = tat5(4) - tat5(4)

bdl = (2*%dc*mc - mc**2 - 6xdl*ml + 3*ml**2 +
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& 4xdn*mn - 2*mn*+*2)/(-mhat + mstr)

sigl onme is equal to the valence quark contribuion to the sigma term.

sigl = 3*mhat*bd1l/(2*mn)

output to files.

write(l,*) rad, sigma

write(2,%) rad, 197.3*(sigl)
write(4,*) rad, sigma + 197.3%(sigl)
write(6,*) rad, dn¥197.3

write(7,*) rad, d1%197.3

write(8,*) rad, dc*197.3

write(9,*) rad, 197.3%(0.75%dl + 0.25%dz - 0.5%(dn+dc))

continue

close(1l, status = ’keep’)
close(2, status = ’keep’)
close(4, status = ’keep’)
close(6, status = ’keep’)
close(7, status = ’keep’)
close(8, status = ’keep’)

close(9, status = ’keep’)
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stop

end
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Addendum

This section is included on the advice from one of the moderators for this thesis. The
moderator recommended that the thesis be accepted without further modification, but felt the

attention payed to the Goldberger Treiman relation (Sec. 2.1.2) was not sufficient.

The usual form of the Goldberger-Treiman relation is

9xNN fr = gamy, (A.1)

where gryn is the pion-nucleon coupling constant, f, is the pion decay constant, g4 is the axial
charge and my is the nucleon mass. This corresponds to the use of pseudo-scalar coupling with
coupling constant gyyn. Alternatively we may use (as in Sec. 2.1.2), pseudo vector coupling,

with

Hy = if;iVny“%ﬂb - Oug, (A.2)

m

where the coupling constant must have dimensions E(-") and usually written in terms of the
physics pion mass. One could use any other quantity with the same dimensions and the Moy

used in this expression does not approach zero in the chiral limit.





