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Abstract

It has long been believed that meson exchange processes are respomsible for the long
distance part of the nucleon-nucleon (N-N) interaction. However, at short range the
theoretical origin of the interaction is still unclear. Attempts have been made to under-
stand the short range part of the interaction using quark dynamics. Most of these have
assumed a One Gluon Exchange (OGE) mechanism to produce the force. This has not
been entirely successful, especially in the tensor case, where it gives rise to a smaller force
than observed.

In our approach we study the N-N interaction assuming the quarks couple directly to
the pion. We use a Born-Oppenheimer approximation for the N-N force and treat the
two nucleons as a six quark non-relativistic wave function. The six quark wave function
is obtained by antisymmetrisation of the product of two single nucleon wave functions.
Due to the short distances involved it is also possible to get quark exchange between the
nucleons. There are no free parameters used in this model, they are fixed either by N-N
scattering (coupling constant) or hadron spectroscopy (nucleon size).

In presenting our results we find that the Quark Pion Coupling Potential (QPCP) has
a more complicated structure than the standard One Pion Exchange Potential at short
range. We find that at short range there is repulsion whereas at intermediate range there
is attraction. We examine these results and give a detailed picture of the contributions

arising in each of the spin-isospin channels .
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Chapter 1

Introduction

The history of quarks and their role in the modelling of nucleon structure is explored.
We look at Quantum Chromo Dynamics (QCD) and its relationship to our understanding
of nuclear structure. In particular, from QCD one can motivate a non-relativistic quark
model which can be applied to the problem of short range nuclear structure. Many other
models exist, for example the bag model and soliton models, but for the purpose of our

work we are interested in the model defined as the constituent quark model (CQM).

1.1 History

In 1964-5 Gell-Mann [Gel64] and Zweig [Zwe64] proposed the idea of quarks to simplify the
bookkeeping of elementary particles. Quarks are the fundamental spin } particles which
are thought to be the building blocks of all strongly interacting particles. The quote from
James Joyce’s Finnegans Wake “ The palpitant, piping, chirrup, crook and quark” inspired
Gell-Mann to choose the name quark for the fundamental fields that he had put forward.

The eightfold way was one of the first steps in understanding particle physics. Gell-
Mann [Gel64] and Zweig [Zwe64] proposed the existence of the fundamental representation

of the symmetry group SU(3) - flavour. From this comes Quantum Chromodynamics



(QCD) which is considered by most as the theory of strong interactions. Colour was
assigned as a quantum number when it seemed the Pauli principle would be violated in
the A++ - three identical up quarks with spin up in the same spatial orbit.

Within the framework of QCD the apparently arbitrary addition of colour as a prop-
erty of quarks becomes an essential element. By demanding that the theory should be
invariant under arbitrary transformations amongst the colours at each point in space-time,
one arrives at a very powerful dynamical theory. Just as in electromagnetism the gauge
principle based on U(1) demands the existence of massless vector photons, QCD based on
SU(3), has eight massless gluons which mediate the strong interaction [MaPa78] [AbLe73].

An acceptable microscopic description of nuclear physics should involve quarks explic-
itly. This means we have to use a phenomenological model of hadron structure. This

model should incorporate as much as possible of the properties of QCD.

1.2 Quantum Chromodynamics

QCD has three major properties. The first is asymptotic freedom, which means that the

fine stucture constant a(@?) decreases logarithmically. At the one loop level

4T

(11 - 2np)in(%)

a(Q) = (L.1)

with ns the number of quark flavours and A the scale parameter. The proof relies on renor-
malisation group arguments. The weak decrease of the coupling constant at high energy
is the main justification of the success of the quark- parton description of Deep Inelastic
Scattering (DIS). This implies that for very high energies it is a good approximation to
treat the quarks inside hadrons as free particles.

The second property which is widely accepted but not rigourously proven is that the

quarks are confined to colour singlet configurations only. That is, if we start with a bound



g-q pair and try to move them apart the energy of the system rises approximately linearly.
The pair can only be free of each other at finite energy by making another q-g pair in
between and hence two colour singlet pairs. The ground state of a gauge theory can have
three possible modes, the coulomb mode, the Higgs mode and the confinement mode.
The ground state of QCD is in the confinement mode. This is characterised by confined
quarks and screened, zero mass gluons. An indication of permanent quark confinement
comes from the fact that the running coupling constant of QCD (1.1) becomes infinite
as the momentum transfer approaches the scale parameter A?, but in this region the
renormalisation group treatment is not valid as it is not in the perturbative regime.

The third and last property is that at least for the first three flavours, the quark
masses seem to be very light [Pa75, GaLe] . In fact, with (m, + mgq)/2 less than 10 MeV,
which is very small compared to typical hadronic masses, QCD has an almost exact chiral
symmetry. That is, in the limit mg = m, = 0 there is no interaction which can mix left-
handed with right-handed fermions hence the notation SU(2)r X SU(2)r. In such a theory
the Goldstone theorem says there are two choices. One is that for every eigenstate of the
theory there is a degenerate partner of opposite parity. The other is that the symmetry
of the vacuum is broken and massless pseudoscalar bosons appear. For SU(2)L X SU(2)r
this Goldstone boson is the pion.

In a non Abelian gauge theory such as QCD the gluons also carry colour charge. As
a consequence, a virtual gluon emitted from a quark not only sees the colour charge of
another quark, diagram (a) in Fig 1.1 and of a virtual quark-antiquark pair (b) but also
the colour charge of the gluons (c). The combined effect of the Feynman diagrams in

Fig 1.1 yields the effective quark-quark coupling constant

_9:(Q%)
as(QZ) = s

2 ol Az © 2
2p% g d %A (12)

= o [1 - aiall T -
& 3/ ar MQr T a2




(a) (b) (c)
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Figure 1.1: Diagrams which contribute to second order in g3 to the running coupling constant g,(Q?).
The virtual gluon emitted from a quark see the colour charge of another quark (a), the quark- antiquark
pair (b) and the colour charge of the virtual gluon (c). [Fla82]

where
032
gs

and ¢9 is the bare quark-gluon coupling constant, f is the number of quark flavours which
contribute at the corresponding energy; Q2 is the space like momentum transfer carried by
the virtual gluon and L is the cutoff parameter. The second term is the contribution of the
virtual quark-antiquark pairs. This term is negative and leads to charge screening. The
third term comes {from the virtual gluon loop. It is positive and gives antiscreening. The
appearance of these two competing terms of opposite sign is a peculiarity of nonAbelian
gauge theories. In an Abelian gauge theory like QED the gauge boson carries no charge
and there is no trilinear coupling of the gauge boson.

Due toits complexity we do not actually use QCD, but rather models which incorporate

its main features, namely :



e confinement
e asymptotic freedom

e chiral symmetry

1.3 The Non-Relativistic Quark Model

One of the earliest and probably most widely successful QCD motivated models is the non-
relativistic quark model (NRQM) [DeR+75] [Is80]. This model is an “effective” theory,
once removed from QCD, in that the u and d masses are of the order of 300 MeV. This
means the quarks are considered to be dressed by higher order processes. Confinement
is incorporated through a phenomenological potential and the hyperfine gq-q interaction
arising from the one gluon exchange is then obtained as an expansion in powers of v/c.
By the nature of the construction of the model it is not intended to include asymptotic
freedom, neither does the notion of chiral symmetry appear as a natural consequence.
Through asymptotic freedom, the effective quark-gluon coupling of colour dynamics be-
comes weaker at short distances. This property is expected to make the NN interaction
accesible to a perturbative treatment at short range. At larger distances when the nu-
cleons no longer overlap the quark-gluon degrees of freedom are effectively frozen in by
colour confinement. Here meson exchange gives a good parameterisation of the low and
medium energy phenomenology.

Liberman [Lib77] introduces the idea of the non- relativistic quark model (NRQM)
(although it wasn’t labelled this way until later). The model was brought about to describe
the short range nuclear force. There was already the idea that the nuclear forces arose
directly from the interaction of quarks and the forces which confine them in the nucleons.
This idea was also advocated by Johnson [Jo75] and others who developed the bag model.

The only drawback with this model was that it didn’t provide a simple treatment for the



two body problem.

The model of Schnitzer [Schn75] was used to construct a wave function according to the
prescriptions given by Feynman, Kislinger and Ravndal [Fey71]. The colour wave function
is antisymmetric, the spin-unitary-spin wave functions are symmetric and the space wave
function is a gaussian or simple harmonic oscillator.

In describing the interactions of the two nucleons close together by using space wave
functions for the quarks which are localised about two fixed centers, errors are introduced
in not allowing for center of mass corrections. The worst of these are subtracted out of
the final result and the rest can be minimised by using a non-variational wave function.
Antisymmetric six quark wave functions are then constructed from the three quark wave

functions. The space part is

G(1..6) = (123, T)g(456, ) (128, ~ 2)g(436, 5) (14)
where
0128, 5) = eop(-Ein - By e (- Zy v - a9

and R is the distance between the centers of the two nucleons and r; are the co-ordinates
of the individual quarks.

In early developments of the quark model, the colour property permitted the necessary
antisymmetry in the ground state of the baryon species to conserve the Fermi character
of the quarks. This is described in the Young tableau as [f] = [111]. All baryons thus
belong to the singlet representation of the SU(3) colour group. It is considered that it
is through the colour property that quarks interact strongly. The resulting two-body,

effective quark-quark interaction is expected to have the form [DeR+75, DeG+75]

Vig = 3 Xi - Ajo(rij) (1.6)

i<j



Here ), is the vector of generating operators for the SU(3) colour group operating on the

ith particle with the properties

colour antisymmetric pairs [f]. = [11]

< A - /\j >= (1.7)

wico wl;

colour symmetric pairs [f], = [2]

+

Due to the lack of experimental evidence for the support of free quarks it suggests
that within a baryon having only antisymmetric pairs of colour states, the quarks are
strongly confined i.e. —18v(r;;) increases (positively) with distance similar to a harmonic
oscillator. It follows that quarks in symmetric colour states are repelled with a strength
that grows with distance. According to QCD we have objects with colour (like quarks)
which will interact strongly and objects without colour (like leptons) that will not. As all
observed baryons are colour singlets they behave at long distances like colourless objects.
At intermediate distances the colour distribution within the baryons is revealed and a
remnant of the strong interaction between the constituent quarks emerges as an effective

interaction between baryomns.



Chapter 2

The model

In this chapter we will discuss the Born-Oppenheimer approximation from the original idea
in 1927 to how it has been incorporated in modern day models. We examine the short range
force and the different potentials used to explain it. Previous work in this area includes
Oka and Yazaki [Oka84], Holinde [Hol84], Faessler et al. [Faes+82, FaFer83, Faes+83]
using One Gluon Exchange, and Fernandez [Fern87] using One Pion Exchange at the
quark level. We will consider some of these papers in more detail before advancing to our

own work.

2.1 Born-Oppenheimer Approximation

It has been shown that the motion of an electron in a field of fixed nuclei leads to energy
levels which are functions of the internuclear separation R. These energy levels can be
used as potential energy curves to discuss the motion of the nuclei. According to quantum
mechanics these curves, Fig 2.1, are an approximate treatment of the problem consisting
of a nuclei and electron; or nuclei and electrons in a more complicated case. The Born-
Oppenheimer model was introduced in the 1920’s as an explanation for the potential curve

in the hydrogen molecule ion Hy .
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Figure 2.1: The energy curve for the lowest energy levels of HF} as a function of internuclear repulsive
energy. Figure taken from [Slat63) page 8.

As the name suggests it was put forward by Born and Oppenheimer [BoOp27] and the
idea, following the description given by Slater [Slat63) is put forward below. We start with
a H3 molecule in the 1s (even) state at an internuclear separation corresponding to the
minimum of the energy curve Fig 2.1. Now slowly increase the internuclear separation.
The electrons move very rapidly about the nuclei, so if the rate of increase of R is slow
enough then the electrons will rearrange themselves at each instant as if the nuclear
separation was constant. However, as R increases the energy of the system gradually
increases. This is from having forces act upon the nuclei doing work on the molecule equal
to the force times the displacement. To maintain the nuclei at fixed distances or increasing
the distance between them very slowly requires an external force acting on them. This
force is equivalent to ‘i—ﬁ where E is the energy given in Fig 2.1 in order that the force

times the displacement (3—%) dR is equal to the increase in energy dE.



If it requires a force of %% from external sources to hold the nuclei in equilibrium
then in the absence of such an external force, there is an equal and opposite force —j—g
acting on the nuclei arising from the electrostatics of the system itself. If there is an
attraction between the nuclei as in this case, then it comes about indirectly; without the
electron the nuclei would repel each other but with the electronic charge concentrated in
the region between the two nuclei, it will attract each nucleus. This attraction can be
calculated and more than balances the repulsion between the bare nuclei, resulting in a
net attraction. This attraction will set the nuclei into motion, as if the energy E(R) were
a potential energy curve for the internuclear motion. Treating this motion according to
quantum mechanics implies that we use the energy E(R) as a potential energy function in
a Schrodinger equation for the nuclear motion. We must remember that E(R) is really not

just a potential energy, it also includes the kinetic energy of the electronic motion which

automatically changes as the distance R changes, just as the potential energy does.

2.1.1 The Heitler-London Method

Shortly after Heisenberg wrote his paper [He26, He26, He26] on the two electron problem
Heitler and London proposed their method for treating the hydrogen molecule {HeLo26].
They used the idea of starting with atomic orbitals in setting up an approximate solution
for the hydrogen molecule. The following description [Slat63] outlines the method proposed
by them. Let A represent a hydrogen 1s wave function about atom A and B a hydrogen
1s wave function about atom B. Let the coordinates of the two electrons be denoted by
1 and 2. When the atoms are widely separated, the ground state will correspond to the
situation where 1 electron is on one atom and the other on the other atom. Thus it can
be represented by the wave function A(1)B(2). This could easily be written as A(2)B(1),
as Heisenberg pointed out; these two wave functions will be degenerate with each other.

When we solve a perturbation problem between these two functions we find that the

10



suitable linear combinations are the sum and the difference; A(1)B(2) & A(2)B(1) which
are symmetric and antisymmetric respectively in the coordinates of the electrons. We find
that the symmetric function has an energy curve similar to the attractive potential curve
log of Fig 2.1 while the antisymmetric function indicates repulsion between the atoms,
as in the repulsive curve lo, of Fig 2.1. The attractive curve has an energy minimum
agreeing roughly with that observed in the hydrogen molecule. By arguments similar to
those used by Heisenberg, Heitler and London identified the symmetric function with a
singlet state and the antisymmetric state with a triplet. This fitted the experimental fact

that the ground state of the hydrogen molecule is a singlet.

2.2 The Born-Oppenheimer Approximation Applied to

N-N Interactions

In this section we will look at how the Born-Oppenheimer approximation has been incor-
porated into models of the nuclear force used today. We describe the adiabatic approach
as used for a molecule and then extend it to the bag model. The Non Relativistic Quark
model is looked at, and using the procedure in Oka and Yazaki [Oka84], we compare the

two models.

2.2.1 At the Molecular Level

The Born-Oppenheimer approximation as described in the previous sections is basically
an adiabatic approach. We now consider this using a modern example [HaKu78].
Consider a molecule which consists of a given number of electrons with mass m and of

atomic nuclei with mass M. The Hamiltonian is written in the form

H=Kp+K,+V(r,R) (2.1)

11



where

K, =—Y V2 (2.2)

is the operator for the kinetic energy of the electrons (light particles) and

R
Kp= 5~ Z %3 (2.3)

the kinetic energy of the nuclei (heavy particles). The electron coordinates with respect
to the centre of mass are designated by r; and R is the relative coordinates of the nuclei.
V(r,R) is the potential energy of the interaction.

In molecular physics, due to the large ratio M/m of nuclear mass to electron mass,
the molecular periods are much longer than the electronic periods. We can then use the
approximation of regarding the nuclei as fixed in calculating the electronic motion. In the
second step the nuclear motion can be calculated under the assumption that the electrons

have their steady motion for each instantaneous arrangement of the nuclei.

2.2.2 In the Bag Model

This idea can be extended to incorporate the idea of a bag. The bag model requires, even
when there are only a few constituents, a minimal number of degrees of freedom. These
collective bag variables are regarded as the slowly moving part of the system in comparison
with the massless quarks and gluons considered later. The bag equations are solved so that
the energy levels of the quarks and gluons are in analogy with the Schrodinger equation

for fixed positions of the nuclei. The correspondence with the original model is :
e nuclei — collective bag variables

e electrons — light quarks and massless gluons.

12



2.2.3 In the NRQM

Meson theory was originally developed to explain nuclear forces. It is believed that the
short range part of the nuclear force is dominated by the exchange of heavy mesons and
more complicated processes, than the single meson exchange. Another point of view is that
the short range part of the nuclear force arises directly from the interaction of quarks and
the forces which confine them in the nucleons. This was advocated by Johnson [Jo75] and
others who developed the bag model. This model however doesn’t lend itself to a simple
treatment of the two centre problem, which the interaction of the two nucleons involves.
The model adopted by Schritzer [Schn75] is a simple phenomenological description of the
forces between two quarks.

The choice of the force assumed to act between quarks is essentially dictated by the
requirements of explaining quark confinement and saturation in both baryons and mesons.
This force is supposed to have a long range as in Hookes law, to explain the permanent
binding of quarks in hadrons. To explain the absence of similar long range forces between
the observed mesons and baryons (saturation), an appropriate combination of attractive
and repulsive forces is needed. This is given in the colour hypothesis and an interaction
between quarks by means of a colour octet of vector bosons. The vector character of the
interaction means that the forces between quarks will be spin dependent, and the spin
dependent forces are related in a straightforward way to the central force. This does not
entail any additional assumptions or parameters.

The adiabatic approach used in the non relativistic quark model has been successfully
used by several different groups [Lib77, Ba77, WaSh80, Hol84, Rob81, CvGo83].

There has also been success in using the NRQM to describe the low lying states of the
baryon [DeR+75, Jo+77, Cel77, IsKaT78, IsKa79, IsKa79a, OnSch82, Ca+83]

The antisymmetriser used in describing the six quark wave function in terms of two

nucleon wave functions is the form assumed in the resonating group method and, as a

13



form of the six quark wave function, is valid for any separation although the identity of the
baryons B B’ becomes ambiguous for small separations [Whe37, Wil+58, Shi+62, Kan77].

The hamiltonian consists of a kinetic energy term K and an interaction term V

H=K+V (2.4)

where K is the sum of kinetic energies including rest masses for quarks minus the kinetic

energy for the centre of mass motion of the total system

I

K=> K- Kg Ky =mi + o
=2
_ _Pa
KG—2mG

=Y E me=Ym (2.5)

and m;, §; are the mass and momentum of the i* quark respectively. V is the sum of the

two body interactions, the confinement term Vij-""f and the residual term V7*°.

V=ZV,'J'

<]
Vi = V4 Vg 25)

The confinement term represents the non perturbative effects of QCD and is responsible
for confining quarks within colour singlet hadrons. The commonly used form [DeR+75,

Jo+77, Cel77, IsKa78, IsKa79, IsKa79a, OnSch82, Ca+83] for this is

Vij.‘mf = —(N\- ,\j)anr?j (n=1,2)

(Ai-Aj) = ZAf‘/\j‘ (2.7)

23

with A& the at* generator of the colour SU(3) group for the i** quark and is normalised

14



as

(A X) = D AEA?

16
= ? (28)

The colour factor (A;-A;) is necessary to eliminate the direct confining interactions between
colour singlet hadrons and is unique within the range of two body operators.

The momentum-independent part of the OGE Fermi Breit potential [DeR+75, Jo+77,
Cel77, IsKa78, IsKa79, IsKa79a, OnSch82, Ca+83] gives V7. The tensor term is re-
sponsible for mixing the S and D states but not considered important. The é-function
piece of the interaction needs to be treated with care, an attractive ¢ interaction leads
to instability of the system if higher order effects are fully taken into account. This can
be avoided by introducing finite range effects which may arise as higher order effects of
QCD. The calculations of 3 quark systems , [DeR+75, Jo+77, Cel77, IsKa78, IsKa79,
IsKa79a, OnSch82, Ca+83, Bh+80] use the finite range versions. The §-function inter-
action is an approximation which is effective only within the limited space of relatively

simple configurations.

2.2.4 Comparison of MIT Bag and NRQM in an Adiabatic Approach

In comparing the two models we follow the arguments used by Oka and Yazaki [Oka84].
They take the NRQM from [Lib77] and the MIT bag model from [{DeT78]. A Born-
Oppenheimer approximation is used to compare the two models. In both, the adiabatic
potential at zero separation V,4(0) is determined by the expectation values of energy for

the (Os)*(n = 3,6) configuration. The “mass formula” for the potential model is

m(n,a) = < (0s)*,a|H|(Os)",a>
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3 < ch >n,a

= T Imgp? 16

(mA - mN) y (2-9)
where a denotes all the necessary quantum numbers and ¢ is given by

3 4o, 2 o, 16\/2 a,b linear confinement
- X
4mgb?  /2mb  3v/21 mlb? YT

€=mgy+ (2.10)

quadratic confinement .

Here T'.,, is the colour magnetic operator given by

Lo = — Z(z\,’ . Aj)(a'; . O'j) , (2.11)

7

and the colour magnetic part has been expressed by the A — N mass difference by the use

of the relation

4 o,
Mpa - My = ——3\/2;—"13()3 . (2.12)
Vap(0) for the N-N interaction can now be written as
VEE0) = m(6,a) - 2m(3, N)= < Kret >
T o +1
_ <Tem >6a + G(MA—MN) ’ (2.13)

16

< K,.e > is the average kinetic energy for the relative motion between the two nucleons

which is included in < H >, of

<H>R_<H>°°

VAD(R)=<N>R <N >,

(2.14)

and is equal to Z—T:;T. Equation (2.14) is the basis of the estimate given in the previous

section.
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The “mass formula” for the MIT bag model is [DeG+75]

_ n2.07 4w 3 ZO < I‘cm >na
m(n,a) = 7 + 3 R 7 +“‘T_(MA—MN) (2.15)
and V4p(0) is given by
Vi%(0) = m(6,a)-2m(3,N)— < Ko >
= = ch 1>66,01 +16(MA - MN) - 4?1I“.B-R'3 + %— < I(rel > (216)

There is no reliable estimate for < K, > and it is assumed that the main contribution
to Zy comes from the centre of mass correction and approximately cancels with < K, >
[DoJo80, LiWo82, Wo82].

In the bag model the volume energy represents the confinement whereas in the potential
model the corresponding confinement term doesn’t contribute to the NN interaction. So
in general, the MIT bag model predicts a weaker repulsion or stronger attraction than the

potential model, which can be ascribed to the confinement mechanism.

2.3 Effective Meson Exchange Potential

Oka and Yazaki [Oka84] investigated the short range nuclear force within a model involving
quark and gluon exchange. They found that short range repulsion of the nuclear force is
explained as the quark exchange interaction between nucleons which is (a) short ranged,

(b) non-local and (c) state dependent. The two questions which arise from their work are

[OkYa83]:

(1) How is the short range repulsion due to the quark exchange interaction affected by

the longer range attraction due to meson exchange?
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(2) What is the two body correlation in the quark model as compared with that of the

conventional models with a local repulsive core?

To look at these they used a superposition of the cluster model and an effective meson
exchange potential to construct a realistic model of the nuclear force which they labelled
the Effective Meson Exchange Potential (EMEP) between two nucleons. It consists of
central and tensor parts

V(R) = V(R) + V{(R)R%S:, (2.17)

and Si, is the tensor operator

3 O;*Tis \O; " Tig
ST ( 17‘)2( i Tis) — (i - ;) (2.18)
ij

Each part is chosen so as to (1) simulate the OPE potential at R > 2fm and, (2) reproduce
experimental data such as scattering phase shifts for R < 2fm. To incorporate the EMEP

into the RGM equation for NN system they introduced the kernel V(R,R”) by
V(R B) = / dR" N3 (R, B )V (BN} (B, ) (2.19)

which is added to the hamiltonian kernel.

— — - - 1 - —
Nﬁﬁr(RR’) = /dT‘I‘E(123, 456)5(R i R123,456) A[‘I’ﬁf(123, 456)(5(R’ s R1231456)]
H

(2.20)

and N2 denotes the square root operator of the normalisation kernel.
Values for the parameters are given in Table 2.1. As the mass in the kinetic energy
term for a nucleon is 3mg, they take my; = B = 313MeV to have a correct relation

3

between the momentum and energy. The Gaussian size parameter b is related to the rms
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my (MeV) b (fm) oa, a (MeV/fm)

I 313 5 878 234.0
II 313 .6 1.517 135.3
I 313 ol 2.409 85.2

Table 2.1: Three sets of the quark model parameters used in the realistic model. Taken from Oka and
Yazaki [Oka84].

radius of the quark core in the nucleon by
b=(<r?>p)2 (2.21)

They show that the quark cluster model gives definite predictions on the baryon baryon
interaction at short distances. Important aspects of the model are the Pauli principle for
quarks and the colou|r maguetic interaction (CMI).

The quark exchange mechanism supplemented by meson exchange is found to repro-
duce the observed NN phase shifts and deuteron properties. The short range part of the
deuteron wave function is different from conventional models due to the strong non-locality
of the quark exchange interaction.

It is shown that the resonating group method (RGM) with two colour singlet three
quark clusters (baryons) gives a complete (even over complete) set of states for a colour
singlet six quark system, and the six-body Schrodinger equation is reduced to a set of
coupled integral equations with an infinite number of discrete channels. Convergence with
respect to the number of channels seems to be intimately connected with the confining

interaction and the problem of the colour van der waals force is discussed in this context.
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2.4 OGE as described by Holinde

Holinde [Hol84] looked at the one gluon exchange potential in the NN interaction using
an adiabatic or Born-Oppenheimer approximation. The possible ways in which a gluon

can be exchanged between quarks is shown in Fig 2.2

(o) {b) (c) {d)

(e) (f) (g)

Figure 2.2: the one gluon exchange processes in the NN problem (b) contributes to the nucleon self
energy, (a) vanishes, and the others contribute to the NN interaction energy.

To obtain the potential he starts with a quark gluon interaction lagrangian
Lint = 405(e N7 9(2)GY(2) (222)

with g the quark-gluon coupling constant, ¥(z) the quark field, fo)(i =1.8,p=0,1,2,3)
are the eight (massless) vector gluon fields, 4# the Dirac matrices and A() the colour
matrices.

A potential between quarks i and j can be derived which is similar to the Fermi-Breit
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interaction used in QED. This gives

.. 1 1 2T 3 1
VOGE(’l]) = Zas)\,- : AJ l:r—” 111] - :—;mé‘(’r{j)ai 4 O'j ol WT—?JL] -8
1 1 o 30;-1ij 05715
+4m2 T?j (0'. o; 7';‘2]' (2.23)

l;; is the (relative) angular momentum operator, 7;; is the distance between the interacting

. 2
quarks , m is the quark mass, s = (0; 4 0;) and @, = 4.

To this he adds the confining term

‘/conf('ij) = —)‘i : ’\JG'T:Z] (224)

to give a total inter-quark potential of the form

V(i3) = Voge(ij) + Veons (i) - (2.25)

Within the Born-Oppenheimer approximation this leads to a NN potential :

<Y|Ha+ Hp+ iy Z?=4 V(e >
< PlY >

VN = —2< ¢4|Halpa > (2.26)

with
| >= Alpadp > (2.27)

and

¢~ = p(€)x(o7){(c)

3 3
Hya=) ti+ > V(i) -T§ . (2.28)
1=1 1>7=1

Here ¢; is the kinetic energy operator for quark ¢ and T{™ the center of mass energy of
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cluster A.

Following Holinde we write the potential as

where

1
Vvn

AC
Vi

2
Van

3
Van

Van = Vl\er + V]%N + VI?IN (2.29)

Vi + Vi

—16 Ba’ (\/%3 - %erf (z) + I%”f (:c’)) - %GRZ} csTe 3P

(1= (=)5*T 3Ry N

3
a,2 ™ [ 32 2 p2 -1
1622 E (2 AR (et

248~ 3R _ ()SHT(g38.e~3F° R | 25 _ 9428 e~ $F°F%)e --ﬂ’Rz}

2
—16 {2 Eas (\/gﬂ - }%erf(x)) + aRz] esT + 411a33m2 (gﬁ)

[Best + ¥y + 2d%5e 87 R} T3 (1 - ()54 e3P N

2
%%52326'%2}# csT(1— (=)5+Te 2R /N (2.30)

where the dl..sz are the matrix elements of the spin-isospin operators, er f(z) is the error

function.

erf(z) = % L e~ dt
& = L—ll\/iﬁR
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A few comments can be made concerning the structure of Vi .

(i) The colour-magnetic (spin-spin) term builds up the dominant repulsive contribution in
Vi and appears as a small correction in V#, which vanishes at R=0.

(ii) The contributions from the confinement term cancel whereas the total colour Coulomb
term vanishes only at R=0. At R # 0 it gives a repulsive contribution for even parity
states and an attractive contribution for odd-parity states.

Two parameter sets were used for the potential. One is given by Faessler, Fernandez,
Liibeck, Shimizu [Faes+82] denoted FFLS with parameters :

m = 355MeV,B~! = 475fm,a = 34.5MeV - fm~2% a, = .97.

The other is given by Oka and Yazaki [Oka84] with parameters :

m = 300MeV,3~! = .6fm,a = 62.5MeV - fm~2 a, = 1.39.

The choice of FFLS ensures that the nucleon mass is a minimum. The importance of using
wave functions at variational equilibrium was underlined by Liu [Liu82].

At R=0 the NN interaction due to the colour-magnetic term is the same for both
parameter sets since a,3°m™2, which determines the N A splitting, has the same value.
They also give essentially the same behaviour.

For FFLS, the colour-magnetic contribution to Vj agrees roughly with vector meson
exchange around 1fm, whereas it is sizeably weaker in odd-parity states. The results for
the QY set is larger than p— and w— exchange in even-parity states. It agrees reasonably
in odd-triplet states and is too small in odd-singlet states. The inconsistency between
the different channels is due to the negative sign of the spin-spin term in the resulting
NN interaction. By including the kinetic energy term V3, it improves the FFLS to the
point where there is good agreement with vector meson exchange around R = 1fm in all
channels - where the OY result is consistently too large.

In summary Holinde derived the short range part of the NN interaction predicted
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by quark-gluon exchange processes, in a Born-Oppenheimer approximation. Concerning
the spin-isospin part of the central and spin-spin part, the dominant colour magnetic
contribution shows a characteristic discrepancy from predictions provided by conventional
w and p meson exchange ; namely the resulting spin-spin contributions have the opposite
sign. This leads to a relatively weak repulsion in odd-parity states. The inconsistency
between the different channels is removed when the kinetic energy correction is included.

Around R = 1fm FFLS provides reasonable agreement with meson theoretic results,
whereas QY are consistently too large due to the larger size parameter 3. The inconsistency
shows again when the contribution from the central (colour-Coulomb and confining) terms
are included. The effect on even-parity is negligibly small, there is a sizeable attractive
contribution in odd-parity states. From this it appears that a consistent agreement with
vector meson exchange in all channels requires a model for the quark-gluon interaction,
which has a rather small central part. This model, apart from giving the wrong isospin
dependence provides a result which is much too small compared to the realistic meson
exchange picture. The results for these are given in chapter 5 in comparison with the

Quark One Pion Exchange Potential (QOPEP) that we have used.

2.5 QOPEP as desribed by Fernandez et al.

In their description Fernandez et al. [FerOs86] use a non relativistic contituent quark
model of the nucleon, incorporating pion exchange between quarks, to calculate a modified
OPE NN potential which includes effects of quark exchange between nucleons [Fern87,
FerOs86] . Within this framework they explained the OPE § procedure (or Poorman’s
absorption model). The latter yields a qualitative description of the double spin-flip
helicity amplitude, ¢, for elastic nucleon-nucleon scattering [Ge81].

The aim of the paper is to show that the modifications produced in the OPE potential by

quark exchange provide a qualitative understanding of this phenomenon. They obtain an
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explanation for the modification of the OPE (o o)(7-7) dependent term provided by the
Poorman’s absorption model. A non relativistic quark model is used, where the quarks are
not the current quarks of the QCD lagrangian but some sort of dressed constituent quarks.
The philosophy behind the NRQM is to incorporate aysmptotic freedom and confinement
by means of a two body potential between quarks. The OGE calculations are done by
others [Hol84, Oka84, Faes+82, FaFer83, Faes+83].

In QCD, the pion must appear as a consequence of the dynamical breaking of chiral
symmetry. Within the Cloudy Bag Model [AWTS83, Theb+80, Theb+81]this led initially
to the introduction of quark-pion coupling at the bag surface. Later, the equivalence to
pseudo-vector quark-pion coupling throughout the confinement region was demonstrated
(at least at the level of the Yukawa pion-nucleon coupling). It is the latter realisation of
chiral symmetry that we adopt in our NRQM by adding a Y\'uka.wa.—type coupling between

the quarks and the pion field.
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Chapter 3

The Quark-Pion Coupling

Potential

In this chapter we formulate the Quark One Pion Exchange Potential (QOPEP) using
the Born-Oppenheimer or adiabatic approximation as described in the previous chapter.
This is used in a Non Relativistic Quark Model (NRQM), where we introduce the idea
of quark exchange between nucleons at short distances. The potential is split into direct
and exchange terms; direct being those without quark exchange between nucleons and
exchange those in which quarks are exchanged between the nucleons. Our One Pion
Exchange Potential is calculated in momentum space and separated into scalar and tensor

terms at a later stage.

3.1 Born-Oppenheimer Model

In the cluster model approach the nucleon is taken as a function of three quarks. Its

antisymmetric and normalized wave function can be written as
IN = @ 7" (3.1)
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where % is the symmetric spatial wave function for three quarks, ¢ is the symmetric
spin-isospin wave function and ¢° is the antisymmetric state in colour space.

In an adiabatic cluster model, the interaction energy between two nucleons is the
expectation of the energy of the six quark system minus the energy at infinite separation

of the two clusters, namely

_ <¥|Ha+Hy+ T V(>

V -2 H .
NN Zole> < ¢a|Ha|pa > (3:2)
with |4 > the antisymmetric six quark state given by

|4 >= Algadp > (3.3)

where ¢3 and ¢y, are the wave functions for nucleons a, b respectively.

H, is the internal Hamiltonian of the cluster a,

3 3
Ha=)Y t + Y. V(@E)-T (3.4)
=1 i,7=1
i

with ¢; being the kinetic energy of quark : and T§™ the corresponding center of mass (cm)
energy of cluster a and and similarly for Hy, .

Since each ¢a,d is totally antisymmetrised, A is given by

3 6 3 6
A=1->"3"Pj+ > > PuPnn— PuaPssPs (3.5)
=1 j=4 m,k=1n,l=4
m>k n>l

where P;; is the exchange operator interchanging quarks ¢ and j. After manipulation (see

Appendix A), (3.5) can be written as

A = (l—iipﬁ)(l"m

=1 j=4
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= (1-9Ps)(1- P) (3.6)

with P = Pi4P;5 P36 the nucleon exchange operator.

We have shown in Appendix A that the normalisation can be written as

< $lYp >= 20 < Padp|(1 — 9P36)(1 — P)lpadp > - (3.7)

We use a Born-Oppenheimer cluster approximation where
V(if) = Vord (i) + VOPE(i5) + VOOE(ij) (3.8)

and the confining term is

Vcon-f(ij) = —=A; - }\ja T?j (39)

with A; j the Gell-Mann matrices, a the colour constant and r;; the distance between the
quarks ¢ and j . The One Gluon Exchange (OGE) Potential as used by Holinde [Hol84]

is :

.. 1 1 2T 3 1
VOGE(U) = Za_.,z\; . )\j [:{;lilj - gﬁb‘(m]’)di <05 — ﬁ?}jlﬁ - 8ij
1 1 O; " T3 O < Tis
+_4m2—7‘_3- (O'i 05— 3———7. ';‘21 "T J)] ] (3‘10)
17 &7

where [;; is the relative angular momentum operator, s;; = i(o; + 0;), m is the quark
mass and a, = g%/4r. We write the One Pion Exchange (OPE) Potential in momentum

space as

2 8y - Dk
OPE/:+ f1r = = dq 0; " 405 q q.(ri~r;
Vv (zj)=47r;'12r—qri-rj/(27r)3 q2+7]n,2, e (ri=ri) | (3.11)

with f,%qq the pion-quark-quark coupling constant and m, the mass of the pion .

In the previous chapter we discussed the confining potential and the One Gluon Exchange
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Potential calculated by other people [Hol84, ElHol84, ElHol84a, Oka84]. The work done
for the One Pion Exchange Potential was also discussed, in particular that of ’Fernandez
and Shimizu [FerOs86, Shim84]. We concentrate on the QOPEP and look at its properties
in detail. This will be generated by the pionic piece of the potential given in equation
(3.8), viz :

VEEE(i5) =< ¢adnlVOFE(if)|dadp > (3.12)

Following the formalism of Holinde [Hol84] we can rewrite (3.12) in terms of (3.2) and

separate as

VAP =i+ Va+ V3 (3.13)
with
1 3 6
Vi= I < ¢adp| ZZ vi;(1 — 9Ps6)(1 — P)|padp > (3.14)
=1 j=4

3

6
Vo= % < ¢a¢b|% ( Z vij + Z vk’) (1~ 9Ps)(1 ~ P)ldadp >

ifi=1 k£l=4

3
—2< ¢a| > wijlpa >

i#i=1
(3.15)
1 1
Vs = < <dadpl5 (Zt,- = - TgM) (1= 9Ps)(1 = P)|gadp >
=1
6
~2< da| D ti = TM|da > (3.16)
=1

where N is the normalisation and is given by (3.7)
V} is the main contributing term, describing the interaction between the clusters. V;
is the non-negligible correction term which takes the difference of the potential inside the

six quark system compared with two separate three quark systems ( ie the nucleons at
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infinite separation). V3 is the kinetic energy term which is the same for gluonic and pionic

calculations and is given by Holinde [Hol84].

3.2 The Quark One Pion Exchange Potential

We will now look at the individual terms which make up the Quark One Pion Exchange
Potential (QOPEP). There are seven topologically different possibilities in which a pion can
be exchanged between quarks as shown in Fig 3.1. These diagrams represent the structure
of the matrix elements involved and should not be interpreted as Feynman diagrams. In

referring to the potentials created by the diagrams, they are labelled as shown in Table

3.1:

Diagram | Potential | Pion Exchanged | Quark Exchange
Term Between Quarks | Between Nucleons

(a) (i 3 and 6 no

(b) v1g° 1 and 2 no

(c) vig 3 and 6 yes

(d) vie 2 and 5 yes

(e) vig 2 and 6 yes

(f) o 2 and 3 yes

(g) vis 1 and 2 yes

Table 3.1: Table listing the properties of the diagrams given in Fig.3.1

We also have the contribution when the nucleons are at infinite separation. This is labelled
v,

The potentials are divided into two main parts, quark exchange v7¢ and non quark
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(0] (b) (c) (d)

(e) (f) (g)

Figure 3.1: The quark-pion coupling contributions which make up the QOPEP

exchange v™?¢ terms. The potentials V; and V, can now be written in terms of the

individual quark potentials

Vi = 90(5™ + o + 408 + 40ig?

Ve = 40{3) + 408 + 6(0(3") - 0{3) (3.17)

The numerical coefficients come from counting the number of topologically equivalent

diagrams.

The nucleon space wave functions are just the simple harmonic wave functions :

H 2 3
e () £ )
ob = ("-—) ezp{—ﬁ; (g(w %)2>} (3.18)

where R as shown in Fig 3.2 is the fixed distance between the origins of the two harmonic
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Figure 3.2: schematic diagram of the two nucleons at R separation

oscillator potentials building up clusters a and b and r; is the position of quark i. 8 is the

nucleon length constant related to the root mean square radius by
Bl=b=<r? >3 (3.19)

We can now write the potentials in terms of matrix elements. Writing them individually

gives

I - < ¢a¢b|VOPE(36)(1 - P)|¢a¢b >
36 < ¢adp|(1 - 9P =)(1 - P)|¢adp >

prae — < ¢a¢bIVOPE(12)(1 — P)|¢a¢b >
12 < Gadpl(1 — 9P =) (1 - P)|pady >

< ¢a¢p|VOFE(36)P5ye(1 — P)|pady, >
< ¢adp|(1 — IPE=)(1 ~ P)|padp >

ge

e = o< 9adblVOPE(25)Pr™(1 - P)|gady >
& < Gadpl(1 - 9PE=)(1 = P)ldady, >
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e _ o< 0adblVOPE(26)PE=e(1 ~ P)|gady, >

V6 = < ¢adpl(1 — 9PE=)(1 - P)|padp >
e — o< PadblVOPE(23)PEe(1 ~ P)igady, >
2 < ¢adpl(1 - 9PE=)(1 - P)[¢adp >

< ¢a¢bIVOPE(12)PgéTm(1 — P)|¢ady >
< Gadpl|(1 — 9IPE*°)(1 — P)|padp, >

ge  _  _
Vi = 9

3 < ¢alVOPE(12)|¢a > (3.20)

<
I

We will now look at vig of (3.20) as an example. We can write this explicitly by expanding

the nucleon wave functions using (3.1) and substituting in the potential (3.11). This gives

9 [ & L L3055 0 e
e = -~y / (2W§3<(eo;*«ozso;> (P8 pBet) 17 - o™y g e o)
kig
Pig=(1 — P7™)|(¢a va®a) (¥ vheh) > (3.21)

The contributions from the colour terms are :

il
< wavh| Pislpaet, >= 3

< Paeh|Plearh >=1 . (3:22)

The term P°7 will give an overall phase factor of (=)+T which is independent of the
quarks’ spin and isospin. To simplify the calculations we keep this term with the radial
matrix element. The radial matrix element and the spin-isospin matrix element can be
calculated independently and then put back together to evaluate the potential. Equation
(3.20) can be written as

3 d3q

ge _ _ * IR S
BTN ) @Rt me

< PRPRleT T PE(L - (<)YD P g >
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oT OT

< QTP - ol - a3 - AP QTR > (3.23)
where the radial matrix element is
M) =< pEpf|er 2T P (1~ (=)D P?)| g0, > (3.24)
and the spin-isospin matrix element is
Me)(O(0)0(7)) =< &7 f |7 - TsFs - 495 - 4P5g |03 f > (3.25)

In chapter 4 we show the steps involved in solving the matrix elements and arriving at the

final form of the quark- pion potentials.
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Chapter 4

The Matrix Elements

In this chapter the matrix elements required to evaluate the N-N force are examined in
detail and the solutions calculated. The first section is concerned with breaking down
the spin-isospin matrix elements into separate spin and isospin components. We then
need to reduce the spin operator into its scalar and temsor forms. Once this is done the
matrix elements are evaluated and the solutions given in nucleon operator form. We then
examine the radial matrix element and calculate the integrals. Finally the sections are

brought together and the quark potentials are written explicitly.

4.1 Spin-Isospin Matrix Elements

There are two methods by which we can evaluate the spin-isospin matrix elements. The
first is the method used by Holinde [Hol84] for the One Gluon Exchange case and Liu
[Liu+92] for the One Pion Exchange. They convert the quark spin and isospin operators
to nucleon operators directly and then solve for each spin, isospin channel. The rules used
for this method are given in Appendix B.

The method used here is an extension of the method used by Warke & Shanker
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[WaSh80]. The matrix elements are written in terms of partial waves. This allows us
to calculate the spin and isospin dependent parts separately. The matrix elements can be

written in the form
M(O(a)0(7)) =< ©3" 7 |0(a)O(T) 95 gT > (4.1)

where O(o) is the spin operator, and O(r) is the isospin operator, and l0g"pf" > can be
treated as a six quark state of total spin (S) and isospin (T). The wavefunctions ¢g” and
@ tepresent nucleons a and b, namely two three quark states with total spin 1 and total
isospin 1. The structure of the three quark states which have mixed symmetry in both

spin and isospin but are totally symmetric overall :

o7 = Jié[xz(%)xg(a +Xa()xa ()] (42)

where

xs = [(11): >
x4 =103): > (4.3)

If the state is symmetric (antisymmetric) in the first two quark coordinates, then the total

spin or isospin of the first two quarks will be 1 (0). The structure can then be :

loa™ef s SMTMr >= 1) |(U1)3('H4SM > [(11)i('H)5TMr > (4.4)
i

where the I’s are the sum of the first two quarks,M the projection of the spin and M7 the

projection of the isospin. We can use this formalism to rewrite the spin-isospin matrix
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elements such that the spin and isospin terms are separated. This will then give us

M¥(0()0(7))

1 :
7 2 < (DIDESMIO@)IUD)W)E: 5M >
NG

x < (h3)3(11)3; TMr|O()| (1)1 ()3 TMy >
1 i i
= 1 > ndrni)mdrngy) (4.5)
I

n% (1111}) is the spin matrix element and 7 (14 1,) is the isospin matrix element.

4.2 Spin-Isospin Operators

We now consider the operators O(7) and O(c) . In the formalism being used here we have

for the isospin operator

O(r) =77 (4.6)
and for the spin operator
O(0)=3:-45;-7 (4.7

The isospin operator is a straight forward case, all that is to be done is to substitute the
operator into the appropriate matrix element and evaluate. With the spin case, however,
it needs first to be manipulated to factor out the spin dependent term.

Consider equation (4.7). From deShalit & Talmi page 521 [DeshTal] we have the formula

converting the dot product of vectors rank & to the cross product of the same vectors

(T® . g®Y) = (2T T[T x UW)8 (4.8)
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where

[TF x TR2)fs = Y chikeks Thiph | (4.9)

3 ninzng
nin2

and Ckik2ks is a Clebsch-Gordon coefficient. Substituting (4.8) into the right hand side

n172N3

(RHS) of (4.7)

U

(=)'V3[5: x g5 (=)V/31[5; x @l

_y

S

_y
]

=3[0 x qlg [6; x 41§

= 3 [[&’,- x q13 x [6; x q]g]z (4.10)

Using the recoupling scheme along the lines of the recoupling of four angular momenta

[Ed57, eqn 6.4.2] we can rearrange the RHS of (4.10) into
0
32223+ 1)F [[&: x &1 x [ @ln] (411)
Am

Now concentrate on just the ¢'x ¢ term. Using equation 5.1.4 of Edmonds [Ed57], namely

B, 4\ 3
dm = (_3_7) ylm(q_)

1
4m\ 2 n
= q (?) Yim(4) (4.12)
with the ¥1,,(§) a spherical harmonic. Substituting this into [ x §]2, gives

47

Gx T =0 3 5 Wim (D) X Yimy (D] - (413)

mimsz

Using (4.9) we find that (4.13) can be rewritten as

4 . .
Z ‘3—920%1,1}7;2,7\” Y1m1 (Q) Ylmz(Q) . (4'14)

m1me
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From equation 5.1.6 of ([Ed57]) we have

1
21 1)(20,+ 1)]2
Vs (1) Vima(r) = T [PAEEE D) Ol Gl ittty (). (a9

Im

Rewriting this in terms of Y, (7) gives

Yi,my () Yigm, (F) = Z

Im

[(211 +1)(2h + 1)

1
2
| Chuh O V() (4.16)

and if we substitute (4.16) into (4.14) we find that the RHS of (4.13) can be written as

1

4 3.3 2 ' 1 R
> ngc}nﬁnz’r\n [m] Chiman €500 Yaru(d) - (4.17)
mimg Ay

Converting the Clebsch-Gordon coeflicients in (4.17) into 3-j symbols using the relation

J1 32 J3 -maf9,; 1 il 92 s
lemgma = (_) (2.73 SiF 1)2 (418)

my ma2 m3

gives, after some manipulation

2 1 1 A
axdh = Y 2T e

—)HEN 4+ 1)2
ot (2N + 1) )( YTE(2M 4+ 1)z

my mgm

11 A . 2ROV
7 1 s
s (ml ma u)(—) (2N + 1)z (00 0 )Y)\:“(q)

1 1 X
= > VaAr@(=)"tEEA+ 1)2(2) +1)3 ( )
ml'm,z/\’u. mi mam

11 N 11A
X (m1 ™mo W ) (OOO)YA’“(q) (4.19)
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From [Ed57, eqn 3.7.8] we have the relationship

1 J2 7Ja J1 2 44 ) s ]
Z ('m1 my m3) (m1 my m;’;) = (2~]3 + 1)— 6(]3-73) 6(m3m3) 6(']1]2]3) : (420)
mima

Using this in (4.19) gives

@x i = Var A+ 0@ )7L ) vu@iy . e

This will only hold when A is even and only for the values A = 0,2. Using the above we

find that (4.13) reduces to

11 A
[7x gl = Var q2(0 i 0) Yym(9) , (4.22)
which we substitute into (4.11) to give
L1 1A i 0
G @ 1= S VI + DA ) (185 x &1 X Yam(Q)] - (4.23)
Am

This gives both the scalar (A = 0) and tensor (A = 2) terms.

4.2.1 Scalar Spin-Isospin Matrix Element

For A = 0, (4.23) reduces to

5 = 1,. .
(Gi @75 Q) = nga,- -0 (4.24)

We will now look at one example in particular to show the method applied to evaluate
the matrix elements. The potential we shall consider is v from equation (3.23). In this

case the only spin dependent part of the operator is &; - &;. Going back to the expression
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used for the spin isospin matrix element in (4.5) we find :
M (0(0)0(r)) =< @3 @} | - 75 - G;9P5 |05l > (4.25)

If we substitute this into the spin-isospin matrix element written using equ. (4.5) and use

the isospin operator 7; - 7; this will give us, up to a constant factor

M"J’(O(a)é(r))_ S L)) (4.26)
I'lll’

with

nd(ULL) = < (13)3('1)4; SMIG; - 5 Pgl(i1)3(151)3; SM >

PFULE) = < (3DE TMIIF - 7P| (h3)3(13)4; TMr > (4.27)

As both the spin and isospin have the same structure only one equation of (4.27) needs to
be solved. As an example the term 72%(/l’l11}) for diagram (c) of Fig 3.1 will be calculated
below. We have -

s (Whly) =< (13)3(I'})3; SM|3 - Ge P35 P7|(113)3(11)4; SM > (4.28)

Recoupling this so that we have the quarks on which the operators will act coupled together

yields :
b i lhoass
BArnl) = 3> 2A(2haas+ D2+ DIES 1 1 Iy
{1245,036
13 1
X < (13)3('3)3; SM|53 - G Pgg |(11l1)l1245(3 3 )lse; SM > (4:29)
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MY Spin-Isospin Operators

scal

36
M) %[(1— Hia TN 1R - %(1 - B7% - TR)F% - b]

Mfcsa(f“") 5 [(1 + o TE 7)1, - 1b + Z(1+ 873 PyFa, . 5%]

26(qe o -
Msca(lq ) [(1 + 3 239 771?7)1% ) 1 239(1 + 15 111 7’11\)/)‘71%/ ) "Jl\)r

23 = 2a | =
Msca.(lqe) i6 [(1 + 7 239 113!)1% ) 1 239(1 + 55 111 7?11\){)0'% ) ‘fzt\)r

12 5 13 =b b 4 13 205 —a =g | =
Msc;lqe) 4 [(1 + 457?1% TN)l?v "1y + E(l + 117TN 771%)0% ) UM

Table 4.1: The spin-isospin matrix elements for the scalar term which have quark exchange

If welet 73 - 66 Pg; act to the right and then recouple we find :

ll li 11245

n@(Whi) = ) 4(2hoas+1)(2ae+1)(—)BetH(2(—)bet1 ~1) l36 (4.30)

l1245,l36

wi=
=

N[=
N=
—t

This can now be substituted back into the spin-isospin matrix element to give us

M3*(0(0)0(7)) = Z 3SR (4.31)
ll NN
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Spin-Isospin Operators

36(nge) | 252a . =b=a . =b
Mscal 81N "TNON "IN

cn | H[0+ 3Ty R+ 3+ 3R Ry - aR
MY |5
M2 | 5

Table 4.2: The spin-isospin matrix elements for the scalar terms which have no

quark exchange

where
2
i 1§ lass
neWhl) = Y 4(2haes+ D(2hs+ ()BT -1 1 1 I
11245,l36
3 3 1
2
Ly 1 pi2as
BUNLE) = 3 4(2mzes + 1)(2uas + V(=P 2= = 1) 1 1
H1245 ;436
2
(4.32)

This can be solved for each value of S and T, which is what we require

. The format for

the solutions to the matrix elements is to write them in terms of nucleon spin and isospin

operators. These are given in Table 4.1 and Table 4.2. In Appendix C we give the steps

taken to get from (4.31) to the form listed in the Tables 4.1, 4.2.
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4.2.2 Tensor Spin-Isospin Matrix Element

The tensor term occurs when we have A = 2 . This then gives for the spin operator in

(4.23)
@05 Dpa = S VIR L (50X 53, Yam(@ (433)

Our spin-isospin matrix element now becomes

M, (O()0(7))
o o, o . o
=< o o 17 - 75 ) Vi ¢y g [0 % Gilo - Yam(@)(1 — 9P5) 0 0y >

(4.34)

We now need to evaluate the spin-isospin matrix elements for the tensor case. The isospin
matrix element is the same as for the scalar term, the only change being for the spin matrix
element. We will leave out the constants to make the presentation more transparent and
do the more complicated case as an example. This is the case with the quark exchange
operator PgJ included.
We know that

V5

[5; x 512, - Yam(§) = Esﬁ(ﬁ) ; (4.35)

and substituting this into equation (4.33) gives us the relationship
- PP
(Gi - 75 - Dy=e = 5 5:5(d) 5 (4.36)

which we will later be able to relate to the nucleon tensor operator S,p,(§)

We can now calculate the matrix element M;gns(O(U)O(T)) for the quark exchange case.

M, (0(0)0(7) =< @FT @7 |7 - 75 316 X 612, - Yam(§) P 105 T > (4.37)
m
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Using the rule from Warke and Shanker [WaSh80] we can separate the spin and isospin
components, as was done for the scalar case. This gives us an isospin term which is the

same as for the scalar case and leaving the spin term ng(ll'l;1l}) to be evaluated.

M, (0(a)0())
1 = = \ po
=7 X <(HEDL SMIG X 5, Yam () PI(13)3 (L) SM >
'hiim

x < (133D TMr|7 - 7 Pl (h )1 TMr >

1 = >
i ”ZI g (WLINALG) - (4:38)
"l

We now concentrate on the spin term

nd (L)

il

< (D353 SM| Y I8 X 351, - Yam(9) Psl(d)3(113)3; SM >
= > _Yam(d) < (11)3('5)3; SMI[G: x 512, Pssl(h)3(111)3; SM > .
(4.39)

We need to recouple the RHS to get the quarks 3 and 6 coupled together to be able to

operate to the right with Pg5 . This gives

L 1 lhass

gULE) = Y. Yam(92[Rhas+ D)(2ss+ D]FS 1 1 Iy
m,l1245,l36

SR

X < (11)3(I'1)3; SM|[5: x 7515 PSl (i) haas(31)ae; SM >, (4.40)

and after operating to the right with Pg; we get,
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ndrnly) =

m,l1245,l36

> Yom(d)2[(2h24s + 1)(2l36 + 1))z

o1 ligas

l3s

D=
Wi

1

1
2

D=

x < (13)3(I3)%; SMI[G: x G512 () aaes(34)las; SM > .

After recoupling this takes the form :

gl = Y

m,l1245,l36,\%

h

(S

1
2

N

N

(_)136+1

(4.41)

Yam ()2(2l1245 + 1)(2z6 + 1)[(2X + 1)(26 + 1)]3 (=Yoo

l1245
l36

1

L

N

A

!

h
1
2

K

11245
I3

1

X < (11)3('D)3; SM[5: x G5]n ) (h3)A(113)s; SM >

(4.42)

Using the Wigner-Eckart theorem [Ed57, 5.4.1] to reduce the matrix element in (4.42)

N

Yam () 2 (2l1245 + 1)(2la6 + D[(2X + 1)(26 + 1)]2

l1245

136

gives,
12N ATH
ng (Whiy) = Z
m,l1245,036, 6
h
X 1
2
1
2

=

1

h

N

A

h

W=

K

L1245
I3g

1

(—yseti(— s

x < (1)3FD)F ST x Gl || (W) A1) § >

SZS)
M m M

(4.43)

From deShalit & Feschbach [DeshTal, page 522] we use the rule for separating operators
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to get

ng(Whl) = > Yam()2(2l12as + 1)(2h36 + 1)[(2A + 1)(26 + 1)]2
S P
L 1§ las L I lass i 185
X% 1 1 g 11 g Ak S
111 Ak o1 11 2

2

s28
x( )\/5(25' + 1)(=)ast1(=)5-M

-M m M

x < (19)3llF{(hH)A >< 11511 5)s > (4.44)

To give a solution in terms of nucleon operators we need to first evaluate the spin matrix

element at the nucleon level. The tensor operator is
Sab(9) = Yam() - [Fa X b7, - (4.45)
The matrix element for the nucleon case is then

AVILE) = < (12)3(1)1; SM|Yam(G) - [Fa X Gu)%|(12)1(142)4; SM >

> Yam(@) < (13)3('1)%; SM[5a x Fu)7l(11)3(113)3; SM > (4.46)

Using the Wigner-Eckart theorem [Ed57, 5.4.1] this becomes

o ) s S 2 8
N (WL l) = ;Yzm(q)(—) ‘"‘(_M m M)

x < (13D SFa x )7 I1(13)3(14)4: 5 > (4.47)
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From deShalit & Talmi [DeshTal, page 522] this can be written as

118
525§ i
M) = DY@, L IVEES D]y g s
11 2
x < (11)311all(lh3)3 >< (FD3115lI(1R1)E > (4.48)
Substituting the results
< (13)3: S11Gall(113)4; § >= V6
< (')3: 8115pll(113)8: 5 >= V6 (4.49)
leads to
118
< s2s :
N =6 Yam(d)(-) —"‘(_M o M)\/5(2S+ Nyt 1 8§ (4.50)
1 1 2

We can use this to write the quark tensor operator in terms of the nucleon tensor operator.

Rewriting equation (4.48) gives us

nFh) = Y 2(2hzes + 1)(2as + 1D[(22 + 1)(26 + 1)]2 (=)
l1245.l38 M5
-1
h 1 lis L B hass : o2 i} 3 9
X 1 1 3 1 1 Iz Ak S i 1§
111 k1 112 |11 2
X% < (D3lF(h3)5 >< (D1 51155]1(113)3: 5 > Sab(4) (4.51)
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where for S =1:

408

1
1105 (=3 (4.52)
11 2

The solution to each of the quark exchange tensor cases is then done separately. Once
we have a solution for the spin- isospin matrix elements we can write these in terms of

nucleon operators. These are given in Table 4.3.

M, Zg’m Tensor Spin-Isospin Operators

36(nge 25 =b »
MBS | Bra b (R)

Ml | 3 (1- 27 - 7R) San(R)

Ml | 35 (1+ 578 - 7)) San(R)

M | & (1= 57 - 78) San(B)

M) | & (1- 37 7R) San(R)

Table 4.3: The solutions to the spin-isospin matrix elements for the tensor case in terms of nucleon
operators.
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4.3 The Radial Term

Going back to equation (3.20) we find that the radial matrix element is of the form
T =< @3Bl I P(1 - (1) PT)p3ef > (4.53)

where the wave functions are just simple harmonic oscillators given by (3.18).

Once the radial matrix elements have been calculated the radial integrals can be evalu-
ated. The radial matrix elements have the same form for both the scalar and tensor cases.
The radial matrix elements are given below.

To solve the radial integrals we need to go back to the original equations for the quark-pion
potentials in (3.20).

For the scalar terms this will give us

2

Mi(Ry=[-£L_¢ 4 (4.54)
scal (27!')3 q2 + m;";r Uj:) .

The tensor term will be of the form

(B= [ L€ g (4.55)
tens (27!')3 q2+m2 abl{ .

An example of each of the above will be calculated below to give an idea of the method
used to calculate the potentials. For simplicity we will choose the 36 exchange term. We

calculate the scalar term first, and obtain the radial matrix element from Table 4.4

36 g ¢
scalq (R) (21(')3 2+m2 nR

d3 2 2p2 _ g%
™

, 2 g2
tq-Re—pT )
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ng Radial Matrix Element

2 72 2 . 2 r?
738 | =5 T3 (1 - (<)(S+DeiwRe= )

2 2 . 2 2
| B (R (e

2 p2 iq- 2 p2
n?lG(qe) e P T: e—qz—R(l—(—)(5+T)e‘L2R_)

P o 2 n2
200 | =555 e % (1— (-)S+De 555

g2 | B () () B

2
e R

p2(nae) | =5 (1 _ (C)(+Te-EE

Table 4.4: The radial matrix elements for all the cases, ie. quark and. non quark exchange terms.

A36(qe) _ B36(qe) (4.56)

with

A36(q8) - f,_da_q.. q2 g—@e‘-gz
(27)3 g% + m2

= dme~2 F (4.57)
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where
e

F= /(21r)3q q2+mze i (4.58)
and
d3q ¢ £#r 2 .
36 =, [ S ¢ R
p36lee) — _(21r)3q2+m,2,e T e %eq
_ _Ez._fﬁ q2 -‘gf / . 1 igRCosf
B /(27r)3 q2+m,2,e : 0 d¢[_1d(Cos0)e
2 2
= 4re- T LL(R). (4.59)
Here
dg ¢ -
I,(R) = Gy 2q2 m m%e qur_70(qR) , (4.60)

and jo(gR) is the 0t* order spherical Bessel function

Sin(qR)

jo(¢gR) = .
Jo(qR) oR (4.61)
For the scalar case, this leads to
M3l p _£r% _8r2
scal ( ) 4me B (F —€ @ Is(R)) . (4.62)
Now consider the tensor case
36 ?q ¢ 5
Mten(ge)(R) = (27l')3m 1% Sab(9)
3 2 2 p2 2 X 2 p2
L e B (1 - e T () [ X

(21r)3 g%+ m2
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= A36(ge) . p36(qe)

with
A6(ae) = EE _ -y
= D8 27r)3 Zrmzt " Yam(d) 1% X Gblm,
il b e Y e
(27r)3q pz +m2 de | d(cos(9))
*V 137?(3 cos’(§) — 1) - [da x db]m

= 0,

and
e . - ? B2 d3 q2 . iq- s ol ~
e L (21rq)3 Ztmi° EggreqRYzm(q) [0a X bl -

From [[Ed57] 5.8.3] we have

00 l
e IR — 4r Z Z "'lJl(qR)Ylm(R)YI:n(Q) i

=0 m=-I

Substituting this into (4.65) and using

[ di¥e@vim(@ =1,

gives

-8 2 L N
B%0%) = _4re / @r) 2q2 _:1_ i’ 2jé]Z(‘IR)YIm(R) [da x gp],

53

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)



The final solution, for the tensor case, is then

where

and j2(qR) is the 2™¢ order spherical Bessel function

J2(qR) = (

MEE)(R) = ame~5F" L(R)Su(R) (4.69)
I(R) = (2‘1‘1)3 7 - fmz ja(aR) (4.70)

S S )szn( R) - os(qR) . 4.71)

GEF  @m) R - pets (4

From this it can be seen that only those terms which include a factor of 'R contribute

to the tensor force. Once all the matrix elements have been calculated we can put them

together to give an expression for the potentials from the different diagrams from Fig 3.1.

This gives us for our solutions

2

o36(nge) _ _ Jraq 47 [ M) (1 (R) — (=)D =52 py +Mf;‘i§;‘“)1(R)]
3m2 N
f2,.4r £2R?

PO SHT) - 12(nge)

’01 20y - _ﬁﬁ(l - (—)( + )e 2 )FMscu.l !

(s) — f‘%qq (s)

v = —’3—247I'FM

e f1|- L2. e —éz_fﬁ
o) = -8 ¥ [ ot ’(F (-) S De= 5" 1,(R))

~ ML) (ST~ It(R))]
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2 2 p2 N
o) = 20 S5 =8 (122000, (B) = () 5 ) 4 MES 1)
T

N f3 dr _ 2R - e e
00009) = T e (1= () e 55) (ML) + MESO1(p)

o) = Jmug 8T B () (L yorm- B [y g a) 4y )]

3m12r N scal tens
2
p12(88) = __g;r;g %e—%"—z MR p(1 - (<)~ EF (4.72)

T

with N the overlap integral < |4 > of (3.7):

3

2 p2 2 n2 2 p2
N =1—-3M2ne~ 55 4 gMeen (=) S+ =55 _ (L)(5+T) =5 (4.73)

In Appendix D we have taken the quark potential v2%(?¢) and calculated it in explicit

detail to outline the steps involved in obtaining the potential.
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Chapter 5

Results

In this chapter we will present and analyse the numerical results of our calculations. The
only two parameters that can be adjusted are the quark-pion coupling constant fry, and
the nucleon size parameter 3. However, these can be derived from nucleon properties and
cannot be varied a great deal. We will look at the effect varying § has on the QOPEP.
We will then examine closely the breakdown of the QOPEP and the contributions from
all the terms involved. We will then compare the QOPEP with other models, including

the OGEP, as calculated by Holinde [Hol84] and described in chapter 2.

5.1 Parameters 8 and fr,,

We have shown earlier in (3.19) how the nucleon size parameter (3 relates to the root mean
square radius of the bag. This will then limit the range of values that 8 can assume. For our
calculations we have used 8! = 0.5fm, the median value used in most of the literature,
[Bro79, AWTS83, FaFer83, Faes+83, Bra85, Fern87, Bra90] . The effect of varying 3 is
illustrated in Figs 5.1 and 5.2 where the ranges used are the most extreme possible while
still being acceptable as possible nucleon radii. As the plots in Fig 5.1 and Fig 5.2 show,

the shapes of the potentials don’t change very much, but there is about a 40% variation
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Figure 5.1: Plot of the total QOPEP in the central channels showing the eflects of varying #~! from
Bl =45fmto B = .6fm
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from the mean maximum value. This is consistent in both Fig 5.1 and Fig 5.2. Since this
model is somewhat similar to the chiral bag model picture, we would expect the value of
B~ to be smaller than that used in the raive quark model. However, here we are more
concerned with the general behaviour of the QOPEP and a slight variation of 3 doesn’t
alter the main features of the QOPEP.

Corresponding to the choice of spatial wave functions for the nucleon in (3.18) the
quark-pion coupling constant fr,, can be related to the nucleon-pion coupling constant
frnnN by examining the asymptotic behaviour of the QOPEP and OPEP for point nucle-
ons. At large R, the only term which dominates in the QOPEP is vzd®, given by (4.72).

In Appendix E we have shown in detail how the two coupling constants can be related by

9 -m%
fzqq = 2_562‘32 1%NN’ (5'1)

where fZyn = 0.082 and m, is the pion mass.

5.2 QOPEP in Detail

We now take a closer look at the terms which contribute to the QOPEP. These are given
explicitly in (4.72). In Fig 5.3 and Fig 5.4 we show the contributions from all the diagrams
given in Fig 3.1. The contributions to the short range repulsion in the central potentials
mainly come from the quark exchange terms. From Fig 5.4 we can see that the exchange
terms contribute only to a minor degree in the tensor channels and that it is the non quark
exchange term v3d° which gives the bulk of the potential. This gives rise to the similarity
of the QOPEP tensor force to that of the OPE with a form factor.

The two factors causing the suppression of the tensor force in the quark exchange
terms are the cancellation in the spin/isospin coefficients and the structure of the radial

integrals. The function Iicns(R) peaks around 0.8fm and goes to zero for R=0. Cut-off
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Figure 5.3: Individual contributions for all the diagrams making up the QOPEP. The $=0,T=0 and
S=0,T=1 (S=1,T=0) and S=1,T=1 channels for the central potential are shown here.
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factors like e=#°R? drop quickly to zero at intermediate ranges making the integral small
in both the short and medium ranges. The reason this doesn’t occur in the central terms
is because the function I (R) is finite at R=0.

The central singlet-even (triplet-even) potential gets contributions from many terms,
most of which are repulsive. The medium range attraction for the singlet-even and triplet-
even states comes from the intracluster term (vi3° — v*). This term is neglected in some
calculations [Hol84, FaFer83, Faes+83, Bra85, Bra90, Fern87|, justifying this with the
reasoning that it cancels out exactly because it is a nucleon self energy term: This will
only be correct if the total wave function 1 from (3.3) is not antisymmetrized with respect
to quark pairs from different clusters. This requires A=1 in (3.5), which would leave out
all the short range dynamics. With the total antisymmetrization of the six-quark wave
function, there is a residue instead of cancellation. In fact, whereas this term vanishes at
long distances, at short range the effects of quark exchange from different nucleons in the
normalization function (4.73) makes a significant contribution to the interaction process.
We also find that the term vi; (represented by the diagram (d) in Fig 3.1) gives only a
negligible contribution in any state.

One of the reasons for the repulsion in singlet-odd and triplet-odd states is the R?
divergence in the normalization function N for these states, which is due to the Pauli
principle. For these states, QOPEP and OPEP with a form factor go in opposite directions
at short distances. This is because the OPEP with a form factor may not reproduce the
complicated structure at very short range. The main reason for QOPEP being repulsive
in these states is quark exchange. From this we can see that it is the quark exchange

which produces the short range repulsion.
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5.3 Meson Exchange Potentials

In Fig 5.5 and Fig 5.6 we have plotted the total central and tensor potentials as calculated

from (3.17) . Also on the same plots are three different meson exchange potentials :

(a) OPEP-FF, which is the OPEP with a monopole form factor as used in the Bonn

potential [Ma+87] .
(b) OPE, which is just the pure OPEP for point nucleons

(c) the Paris potential [Cot73, Lac80]

From Fig 5.5 and Fig 5.6 we can see that although all the long range results are the
same as the OPEP for point nucleons, the short range behaviour of the QOPEP exhibits
different features. Firstly, the central potential is repulsive for r < 0.5fm in all NN
states. This is supportive of the phenomenological repulsive core used in all meson ex-
change potentials. Also, the singlet-even (triplet-even) central and the tensor potentials
behave like an OPEP-FF with a cut-off mass of 700 MeV which agrees with the proposal
by [De+91, Hol+90, AWT+89] for the use of a soft pion form factor in meson exchange
potentials. Strong repulsion can be found in the singlet-odd and triplet-odd states. How-
ever, the OPEP-FF is attractive in these states because the cut-off mass is larger than
the pion mass. In view of the arbitrary nature of the short-range cut-off used in meson
exchange potentials we believe that the short range attraction of the OPEP-FF is not a
very desirable feature. In fact, the form factor should act to slightly suppress the OPEP
at intermediate distances but cannot be expected to represent the complex physics in the
region where nucleons physically overlap. Neither the OPEP-PN nor the OPEP-FF gives
the short range repulsion for all NN states, whereas the QOPEP can. We can also see
from Fig 5.5 that the overall behaviour of QOPEP resembles that of the Paris potential

[Cot73, Lac80] in the parameterised form for all NN states.
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Figure 5.5: Comparison of the QOPEP with various meson OPEP. The S=0,T=0 and S=0,T=1
(S=1,T=0) and S=1,T=1 channels for the central potential are shown here. The solid line is the QOPEP,

the dotted line OPE for point nucleons, dashed line OPE with Bonn form factor cutoff mass=700MeV,
and dash-dot line the Paris potential.
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5.4 Form Factors

The contact term in NN OPEP is normally removed by the Poorman’s procedure. This
doesn’t occur in this calculation as the nucleon is considered to be a composite particle.
However, we treat the pion as a point particle; which gives us a contact term in the
potential of equation (3.11), so the problem of pion size needs to be considered.

We can do this in two ways. Firstly,we could ignore the contact piece in a way similar to
the Poorman’s procedure in NN OPEP, or we could apply a form factor at the quark-pion
vertex. The results of these two procedures are given in Fig 5.7 and Fig 5.8.

Changes in the behaviour of the QOPEP are observed. Without the contact piece,
the potentials become weak and attractive at short range. The contact force basically
determines the central part of the QOPEP. The importance of the é function term indicates
that the short range repulsion depends heavily on the nucleon wave function overlap at
short distances. The fact that finite size effects of the nucleon dominate the NN interaction
at these distances tells us that many body effects are large at these ranges. This may be
the reason why many mesons and even phenomenological treatments are needed in all
variations of meson exchange NN potentials.

Two types of form factors used to incorporate the pion size are :

2 2
A —m?

F(¢*) = Y (5.2)
for the Bonn [Ma+87] monopole form and
A2
F(¢*) = AiA (5.3)

for the square root form suggested by [FaFer83, Faes+83, Bra90, Brag5, Fern87, FerOs86].
From Fig 5.7 we can see that the form factors make the predominant contributions to the

repulsion in the resulting NN potential. Their role is similar to the contact term in the
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central QOPEP. Unlike the contact force which affects the central part only, form factors
weaken both the central and tensor parts. As the cut-off mass increases, the form factor
results approach the results of the contact term which is the limiting case for A — co. This
is true for both the total potentials and the individual terms in equation (3.17). From
this we find that the QOPEP with a point-like pion gives the maximum repulsion. On the
other hand, if one takes the short range repulsion as an indication of the correct dynamics
at the quark level, one can conclude from the usual phenomenology of the core that the
quark-pion coupling must be almost point-like. This implies that the pion has a very small

size.

5.5 Comparisons with One Gluon Exchange Potential

The One Gluon Exchange Potential (OGEP) as calculated at the quark level is also impor-
tant at short range. We look at the OGEP as calculated by Holinde [Hol84] and explained
in detail in Chapter 2. The two parameter sets used are those given by Fernandez, Faessler,
Liibick and Shimizu (FFLS) [Faes+83] and Oka and Yazaki (OY) [Oka84]. The parameter

sets are given below.
o FFLS :- m = 355MeV, B~! = 475fm, a = 34.5MeV - fm, a, = .97
e OY :- m =300MeV, 3~ = .6fm,a=625MeV - fm, o, = 1.39

In Fig 5.9 and Fig 5.10 the comparison between the QOPEP and the OGEP are given for
both parameter sets. In the tensor channels Fig 5.10 we have compared the OGE with
only the exchange terms from the QOPEP. Overall the QOPEP is dominated by the direct
term which is much larger. In the tensor channels we can see then that the OGE is not
going to contribute very much at all to the overall tensor force of the N-N interaction. In

Fig 5.9 we can see that in (a) and (d) the QOPEP has a much larger size than the OGE

and in the other channels there is a comparable magnitude.
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Figure 5.9: Comparison of the QOPEP and OGEP as calculated by Holinde [Hol84] in the central
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Chapter 6

Conclusions

There is still a great deal to be learnt before our understanding of the short range nuclear
force is even close to being complete. We have found that while the structure of this force
is complex, many of its features can be understood in terms of the exchange of quarks
between nucleons. It is these quark exchange terms which contribute to the short range
repulsion. In the central channels all the terms contribute and the medium range attraction
in the singlet-even (triplet-even) states is caused by the intracluster term (v!2(n7€) — ¢9),
In examining the tensor potential we find that the quark exchange terms have only a small
effect. This is contrary to the suggestion of Guichon and Miller [Guich+84], namely that
the short range quark exchange force would be large enough to account for the discrepancy
found when comparing the experimental D/S state ratio with theoretical predictions for
soft pion-nucleon form factors. In comparing the QOPEP with various meson exchange
potentials we found that the qualitative features of the QOPEP agree quite well with the
Paris meson exchange potential. The major result of our work is the formulation of a
complete analytical expression for the Quark One Pion Exchange Potential. From this
starting point a number of extensions or new lines of investigation are possible.

One area of work underway at the moment is the calculation of phase shifts in the

NN interaction using the QOPEP. Supplemented by some residual meson exchange this
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should permit a good fit to world N-N data. The potential could also be extended to allow
for the up-down quark mass difference. This difference is one of the possible mechanisms
which allows Charge Symmetry Breaking to occur. Using this potential allows for a more
microscopic description of CSB. The same techniques which we have used could also be
applied to the microscopic description of the hyperon-nucleon interaction.

Another line of investigation would be to improve on the Born-Oppenheimer approxi-

mation. Finally, one might like to see the effect of using more sophisticated quark models.
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Appendix A

Properties of the Antisymmetry

Operator A

A.1 Antisymmetry Operator A

Look at the antisymmetry operator A. We have

3 6 3 6
A=1->3"Pj+ > > PuPunn—PuPysPss
=1 j=4 k,m=1,n=4
m>k n>l

We want to show that this is equal to

3 6
A=(1-3 3 P;)(1-P)

1=1j=4

(A1)

(A.2)

when acting on a two nucleon state, where P is the nucleon exchange operator and P =

Py 4 Pp5 P3s. Expanding out (A.2) gives us

3 6 3 6

A=1-P=Y Y Pi+Y. Y ByP

i=1j=4 =1 5=4
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Comparing (A.3) with (A.1) we can see that all we have to show is that

3 6 3 6

> Y. PuPnn=)) PP (A4)
kym=1l,n=4 =1 7=4

m>k n>l

Look at the LHS first. We operate with this on two nucleons; nucleon A with quarks 1,2,3

(123) and nucleon B with quarks 4,5,6 (456). The solution to this is

23: }6: Pt Pual(123)(456) > = |(453)(126) > +|(463)(152) > -+|(425)(136) >

k,m=1l,n=4
m>k n>l

+ 1(426)(153) > +|(145)(236) > +](146)(253) >

+|(156)(423) > +](563)(412) > +|(526)(413) >

(A.5)
For the RHS we have
23: 26: P,; P|(123)(456) > = |(156)(423) > +|(416)(523) > +{(451)(623) >
=1 j=4
+ |(256)(143) > +((426)(153) > +](452)(163) >
+ 1(356)(124) > +|(436)(125) > +|(453)(126) >
(A.6)

Using the property that any two quarks in the same nucleon can be exchanged producing
a minus sign we have that the LHS = RHS. From this we can now say that A can be

written in the form of (A.2).
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A.2 Commutation Relation

We need to show that "0, 2, Pij and P commute, ie

3 6
[Z > Pi, P} =0 (A.7)
i=1j=4
or
3 6 3 6
S>> PjP-P) ) P;=0 (A.8)
i=1j5=4 i=1 j=4

To show this we operate both on [(123)(456) > and show that the LHS =RHS.

iip,-jp|(123)(456) >= PXS:XG: P;;|(123)(456) > (A.9)

=1 j5=4 i=1 j=4

Do the LHS first. This gives us

|(156)(423) > +|(416)(523) > +|(451)(623) >

(i 26:19,-,-) P|(123)(456) >
=1 y=4
+[(256)(143) > +|(426)(153) > +|(452)(163) >
+ |(356)(124) > +{(436)(125) > +|(453)(126) >

(A.10)

For the RHS we have

|(156)(423) > +|(436)(125) > +|(256)(143) >

P (i i Pij) |(123)(456) >
- + [(451)(623) > +|(356)(124) > +](452)(163) >
+ (416)(523) > +|(453)(126) > +|(426)(153) >

(A.11)

From this we have LHS = RHS.
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A.3 Normalisation

We want to show that the normalisation can be written as

N =20 < papp|(1 — 9P36)(1 ~ P)|payn > (A.12)

The normalisation is

N = <¢lg>

= < papp|AA|papp >

3 6 . 3 6
< @app|(1-3 > Pi)(1—-P)1-3_> P;)(1- P)lpapr > (A.13)

i=1j3=4 =1 j=4

We have shown in the previous section that all the terms commute. This means that we

can write (A.13) as

3 6 3 6
N = <@app|(1-D_ D Pi)(1~->_> P;)(1— P)(1~ P)lpapp >

=1 j=4 i=1j5=4
3 6 3 6
= 2<@appl(1-D ) Pi)(1-Y > P;)(1- P)lpayy > (A.14)
i=1j=4 1=1j=4

Expanding out the first two terms gives

3 6 3 6 3 6 3 6 3 6
(L= "Pj)(A=D_3"Pj) = 1-23 > Pi+3.>. 5 3 PjPu(A.15)

=1 j=4 =1 j=4 =1 j=4 1=1 j=4 k=1 l=4

We operate to the right of

(1 -2 i i F; + i ZG: i i Piij[) (1- P)|(123)(456) > (A.16)

i=1 j=4 i=1 j=4 k=11=4
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To simplify things we do each term individually.

1(1 — P)|(123)(456) >= (1 — P)|(123)(456) > (A.17)

3 6
~ 235" P;(1 - P)|(123)(456) >= —18Psg(1 — P)|(123)(456) > (A.18)
=1 j=4
The final term has four possibilities :

ifi=kand j=1

i i i ZG:Piijl(l — P)|(123)(456) > = ZS: i P;;P;;(1 ~ P)|(123)(456) >
- P> (A1)
if i=kand j#1
> gggﬂmxu - P)|(123)(456) > = éigﬂjﬂz(l ~ P)|(123)(456) >
= -2 z: g Py(1 — P)|(123)(456) >

= —18P3(1— P)|(123)(456) >  (A.20)

ifi#kandj=1

3 6 3 6 3 6 3
Y 3N PyPu(1- P)|(123)(456) > = > Py Pii(1 ~ P)|(123)(456) >
t1=1 j=4 k=1 I=4 =1 j=4 k=1
= -2 23: 26: Pi;(1 — P)|(123)(456) >

k=17=4
= -—18P36(1 - P)|(123)(456) > (A21)

ifi#kandj#!
3 6 3 6

S P;Pu(l - P)|(123)(456) > = —36Psg(1 — P)|(123)(456) > (A.22)
=1 j=4 k=1 I=4

1

17

78



Substituting these results back into (A.14) gives finally for the normalisation

2< ¢a¢b|[1 + 9 — 18P36 — 18 P3¢ — 18P36 - 36P36](1 — P)|¢a¢b >=

20 < $adp|(1 — 9Ps6)(1 — P)|¢adn > (A-23)

and the normalisation can be written as

N =20 < papp|(1 — 9Ps36)(1 — P)|pap > (A.24)
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Appendix B

Rules for Converting quark

operators to Nucleon operators

The isospin dependence for the One Gluon Exchange process is fixed by the following
general principles.
(1) The elementary quark-quark amplitude is flavour independent.
(ii) There are no first order processes like diagram (a) from Fig .2.2.

The matrix elements of the quark operators on the left side between the spin-isospin
states are identical to the matrix elements on the right side between the usual Pauli spinors
describing the nucleon spin-isospin state. The sum goes over the quarks in the nucleon

cluster. The rules used are given below and taken from Holinde [Hol84]

Zli —-3x 1V (B.1)
Za,- — oV (B.2)
Zn -V (B.3)

Zow',- — goN‘rN (B.4)
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> ool = ~26maln (B.5)

i#]
2

Za 2 == O'NTN (B.6)
]

S opotr = Zomurh -
i#g

> olrotol = —2(8mn0ly + bmioRk + 6nioR) (B.8)
i#ErEk

1
Y oot — —goémnrz’v (B.9)
i%j#k
10

Z o ULTk —’—'3—5an1\;1'1\1+ 5m10N7'N+ 51.10'NTN (B.10)
i#I#Ek

When using these substitution rules for the case of One Pion Exchange we need extra

rules to allow for the additional isospin dependence. These are taken from [Liu-+92]

10
Z o, 0"7 TR Ty, — ?651'561, - 26,‘@8,,1,,-0}1\,7‘& (B.11)
ngm
2 : .
Z o}, 0"7 o] T"'T — 36ab(56ij01,§f —bpon — ‘Skio'fv) — EijkEabrTN (B.12)
n¥Em#l ’

e 10 i . .
> ohalofrarh Tl — —3—(5175@0 kT8 + 0ik00e0NTY + Skibea0hTh) — 2€iikEabe
n#Em#l

9 . . .
= [Bubhe(8ik 0y + Briorly) + 6eahe(Sij0T; + Siarly)

+6bc7‘ﬂ'}-(6ij0']l§, + 6,’1:05-\,)] (B.l3)
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Appendix C

Detailed Calculation for
Obtaining the Spin-Isospin

Matrix Elements

In this Appendix we will go through the steps in detail to get from the formula given in
(4.31) to the nucleon operator form given in the Tables 4.1,4.2 and 4.3. To make it a more
thorough description we will start from the matrix element and include the steps not given

in the chapter.

C.1 Scalar Matrix Element

We have for the matrix element

DY A 1 R e
M(0(0),0(r)) = 7 3 g Inz* e (C.1)

L
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with

ne0) = 3 4(2h1aas + 1)(2ls + 1)(=)ReH(2(=)e ! ~ 1)

l1245,l36

) = Y A(2m10as + 1)(2pas + L)(—)e T (2(-)ett — 1)

K1245,1436

These are solved for each value of ! and I’ to give

n2219(0,0)
73 #9(0,1)
n29(1,0)

3 @(1,1)

N\ 2
L U loyss
3 he
SN
N2
LU paoas
3 3 M3e ’
b1 T
(C.2)
(3-25)
L5 +3)
3
1
~(25 + 3)
3
1
5(15 - 25) (C.3)

and similarly for W%G(qe) by replacing the S with T. This gives us

M(s,T) = 1 [(3 _25)(3—2T) + 3(25 +3)(2T +3) + o7 (15 - 28)(15 - 2T)

which gives a solution for each S and T. These are :

36(‘16)(5

scal

36 qe)(s

scal

36(‘13)(5

scal

36(49)(5;

scal

(C4)
0,T=0) = 3—91
0,T=1) = %
1,T=0) = %
175
1,T=1) = 31 (C.5)
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We wish to put this into nucleon operator form

M2E(S,T) = Alaly, + BGa - G + CFa - o + DFa - GpTa- T

scal

(C.6)

This will give a set of simultaneous equations which can be solved for A,B,C,D. The

equations to be solved are:

M(O,O):A—3B—3C+9D=%1

M(1,0)=A+B—3c—3p=¥
59
M(0,1)=A-—3B+C—3D=§,?
M(1,1)=A+B+C+D=-187—15
from (C.7) we get
A=3B+3C—9D+%
Substituting (C.11) into (C.8) gives
B =2_3 35 3c+9D+3C+3D
271 9
34
4B = ~§?+12D
17
B = —gZ+3D

Similarly from substituting (C.7) into (C.9) we get

17
C=—g+3D
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(C.8)
(C.9)

(C.10)

(C.11)

(C.12)

(C.13)



Using (C.10) and the appropriate subtitutions we get

175 31 17 17 17 17
= o oy ez o 4o PN G D+ — — (.
D 1 9 3( 54+3 )= 3( 54+3D)+9 +54 3D+54 3D
100
16D = 3T
25
D = 394 (C.14)
Substituting (C.14) into (C.12) and (C.13) gives
B=C=-+ (C.15)
7T 12 .
and
9
A= 1 (C.16)
We have for our solution now
Mfﬂ," )(S, T) = Zlalb - ﬁaa "9b~ 757" b + 32472 %bTa"Tb

9 1, .= 1 25 e N -
= '4' [(1 hand 2—7Ta B m)lalb - '2—7(1 - 2_7?a g T'b)O'a i Ub] (C.17)

which is the form given in the tables for the scalar spin-isospin matrix elements.

C.2 Tensor Spin-Isospin Matrix Elements

For the tensor spin-isospin matrix elements the method is the same except that the form

we wish to present the results in is written as:

M, = [AT.Ty + BFa - 7] S12(R) (C.18)
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This is solved in the same way as the scalar term. The simultaneous equations are

M(1,0)

i

A-3B

M(1,1) A+B (C.19)

To obtain the tensor matrix element for the example we are looking at the isospin matrix
element is the same and for the spin matrix element we use (4.51).

Evaluating the full matrix element gives us for each isospin channel

M1, 0)= T

ens

MPEE),1) = é (C.20)

Uisng the simulatneous equations (C.19) we arrive at

17
o7 = A-3B
1
8= A+ B (C.21)
Solving this our final solution is
ME)(8,T) = é (1 N %?ﬁ : ﬁt\’r) Sab(R) (C.22)
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Appendix D

Quark Potential Calculation in

Detail

In this appendix we will take one of the more complicated quark potentials and go through
the calculation in detail. It will involve both the central and tensor spin-isospin matrix
elements as well as the radial terms to combine together to give the final form. The

potential we will look at is vs.

D.1 The Potential

We start with the potential in the form given in (3.20).

_o < $adb|VOPE(25)Pr=e(1 — P77*%)|pady, >

vis = D.1
25 < badul(l = 9PZ=)(1 — Poo%)gadp > (D-1)
with ’
2 3 - -
OPE _ fra d°q G2-995-q = ig-(ra—7s)
V) = T 4”/ @r)3 @2+mz 2 7€ ’ (D.2)
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Following the formalism used in (3.23) we can separate the potential into the individual

matrix elements to make the evaluation easier. This gives us

ge _9_ fzqq 4 d3q

iq-(rog—r S+T
s = "N m2 P s mE < pzeple’t ) PR (1 — (<)) P7) g, >

X

< pavb|Pislvarh >< ¢a ph |72 - T502 - ¢Fs - aP3g |03 ol >

3f12rqq dsq 1 T, T tq(ra—r T S+T) pe\j, AT, AT
Nt [ e < AR TIR( - (P >

X < @2 ey |72 - TsF2 - 485 - qPsg |pa oy > (D-3)

We can now evaluate the matrix elements individually and arrive at a total solution. The

spin-isospin matrix elements need to be calculated in both the scalar and tensor case.

D.2 Spin-Isospin Matrix Element

We start first with the spin-isospin matrix element. This can be written in the form given

by (4.5)

~ ~ 1 - — 0’
M*(0(0)0(T)) = i < UDLIDL : SM|G2 - qFs - aPgl(1h)3(111)%; SM >
wnl
X < (13)3('))4 : TMrl7 - 7 PRl(h3)3(142)8 TMy >

(D.4)

We will look at just the spin term for the moment. From (4.23) we know that it can be

expanded out into two terms; the scalar and tensor. We will do the scalar term first.

D.2.1 scalar spin-isospin matrix element

We havefor A =0

- 1, .
(G2905 < @)r=0 = 54202 " 05 (D.5)
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We will concentrate on only the spin dependent terms to calculate the matrix element

adding in the constants in the final phase. The matrix element is

g (hh) =< (11)3('D)3; SMIG2 - F5 Pogl(l11)3(113)3: SM > (D.6)

To be able to operate the operators we need to recouple the left and right hand sides to
have the quarks required on their own. First recouple the right hand side to get quarks 3

and 6 together. Doing this and showing only the right hand side for simplicity, gives

L U lhoss

P )rrs = Y, 2(2haas + 1)(2se + )k 11 Iy
l1245,l38
3 3 S
X Pgg|(l1)l1245(3 § )lae; SM > (D.7)

We operate the Psg to the right and get

nP (W) rrs = Y. 20(2lhzas + 1)(2lss + 1)) (=)ket?

l1245,i36
L 1§ lhoss

Xy 3 lsg  (1(1101)l245(33)ae; SM > (D.8)

[V

S

1
2

=

Now recouple the RHS back.

nB(Wh)rEs = Y. 22245 + 1)(2las + D[(2A + 1)(2k + 1)]7 (=)ot

l1245,136,A %

h U lhoss L 1§ lLigs
XY 3 3 I3 11 Iy ¢ l(h)Mid)s; SM > (D.9)

S Ak S

1
2

(S
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We now look at the left hand side (LHS)

nB ) rs =< (11)3(I'1)L; SM|5, - &5 (D.10)

We need to first recouple nucleons 1 and 2 separately. Do nucleon 1 first

1 l]
(39053 = ()2l + 1)(2hg + 1)12{1 1) < (st (1)

lia

with g; = 1 the spin for quark . Similarly for nucleon 2 we get

11
22
< (iDL = Z(_)z+m+1 [(21 + 1)(2l46 + 1)]% {; . !46} < (31)laegs; L] (D.12)
146 22
This gives for the LHS:
B rs = 3 (=) Hheths(21 £ 1)(20 + 1)(203 + 1)(2lss + 1))

113,046

11y 1 l 1
2
{ 1, }{1 1L, } < (h3g2)3(lasgs)3; SM|G> - Gs (D.13)

We now recouple to get quarks 2 and 5 together.

X
SN

nPhl)rs = Y (=) Fheths[(91 4 1) (21 + 1)(2h3 + 1)(2las + 1))2
l13,l46
11, 11 ll3 l46 11346
22 22 1
x { : ,}{ : 146}2[(2’134” D@as+ 9 1 1 b
b1 s
X < (113146)11346(%%)125; SMIEz - 05 (D14)
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Operating &5 - 0's to the left:

nPU Ll )rs = Y (=) hetheg(21 + 1)(20' + 1)(2hs + 1)
13,46
11y 11y
1 { 2 2 22
X (2l + D(hass+ D+ E(=20= - {21 H::, }
32ha 22ls
his lse li3as
X 11 lps (< (halae)lizas(33)l2s; SM| (D.15)
T B
We now need to recouple it back to its original configuration.
nPWhl)rs = Y, Y, 2A)FHeHe[ry )2 +1)(2) + 1)

l13,l46,A! l1346,125,’

x (26" + 1)(2hs + 1)(2lgs + 1)]2(2l2s + 1)(2l346 + 1)(=2(—)"s — 1)
iz lyg li3ss ha l lhass
11 11
2 2 2 2
o {%%113}{%%146} i 3 s 3 3 s
11 S N K S
X < (llgé)Al(Lm%)H’; SMI (D16)

Now recouple the nucleons separately back using

/\’% l13
< (q193)haga; | = (=) Hheths((2h, + 1)(2hs + L2 {% 3 he } < (39)hads Xl
P
15+ L[5 e
< (qage)lasgs; &] = D (=) e the (25 + 1)(2l4s + 1)]2 {; 1 145} < ($3)las3; £'|(D.17)
145 22

Substituting (D.17) into (D.16) gives:

nFWhieas = Y. D, D 2A=-)FHete[2r4 2 +1)(2X +1)

l13,l46,M" 11346125 ,5" {12,la5

X (25' + l)(2112 + 1)(2145 + 1)]%(2125 + 1)(211346 + 1)(2113 + 1)
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X (2lss+1)(=2(=)" -1 {ii }{i 1}{A’1113}{

1

2

1 11

2 2 2
lhiz l lhazae liz I 11346}

s }
3 ls

1
z

X
(M

I2s < (h2d)XN(lasi)k"; SM|

V=

S

[N
=

(D.18)

We can now combine the RHS and LHS to give :

7],25'5(”,11 ’1) — Z Z Z Z 4(_)I+l'+136+1+112+145 (_2(_)’25 _ 1)

112,013,145 l16,01245 11346 [25,036,A M, i,6!

X (21245 + 1)(2l36 + 1)(2l1346 + 1)(2025 + 1) (113 + 1)(2lse + 1)[(212 + 1)

X (25 + 1)(2A + 1)(2N + 1)(26 + 1)(2' + 1)(20 + 1)(2I' + 1)]2

L i M1l K 3 las
e G s H G0 )
ths 1l 3 h2 33 ls

hia le lizge lia le li3se Lh U lhoss L 1 lhass
XY 3 3 s i3 s R i 3 I
i 1 5 XNk S i+ 5 Ak S
X < (kL %))\'(145%)15';SM|(11§)/\(1'1%)K; SM > (D.19)

and finally

T].%s(ll'l I ) Z Z Z4(_)1+1'+lss+1+l12+145(_2(_)125 _ 1)

l4g.01245,01346 125,038,013 s

X (2ly245 + 1)(2l36 + 1)(2l1346 + 1)(2l25 + 1)(lia + 1)(2l46 + 1)

X (22 + 1)(26 + 1)[(28 + 1)(I + 1)(21 + 1)(20' + 1))2

-11 A'llm 2146
X {ll }{; }{ll }{11 }
2 2 2 2 2 2 2

1y
2
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hia lig lizee ha lie lizae L 1§ hLoss L I liags
X1 % 3 s 73 s P 3 e 33 las
1 1S XN & S 11 S Ak S
X 6(/\/\')6(&%’)6(11211)6(1451 ) (D20)
Similarly for the isospin matrix element we obtain
25(”Il I ) - Z Z Z4(_)1+l’+ﬂae+1+u12+u45(_2(_)#25 _ 1)

1446 1161245141346 125,H4361413 Ak

X (2p1245 + 1)(2p36 + 1)(2p1346 + 1)(2p25 + 1)(p13 + 1)(2p46 + 1)
X (2A+ 1)(26 + 1)[(20 + 1)(I + 1)(21 + 1)(2' + 1))z
l 5 #13 K 5 46
& {_1 }{__,; }{__ ll }
2 2 2 2 H46 2 2 #12 2 3 Has
H13 a6 1346 H13  H46 1346 h 1§ pi2as L I pioss
X 3 3 Mz 3 i 3 use 3 3 M
11T Y 11 07T |[as T
X 6(AA,)6(KK/)(5(,U,1211)6(#451 (D21)

(D.20) and (D.21) can be substituted into (D.4) to obtain our final spin-isospin matrix
element. From this we can get a numerical solution for each S and T.

25(qe)(0 0) —

sca.l

25(qe)(1 0) —

scal

fszqe)(o 1) =

00|~1©I}—l<o|r—‘w|~1
=]

25(qe)(1 1) —

sca.l

(D.22)

Using the method outlined in the previous appendix we obtain the set of simultaneous
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equations:

3
1
1
A—SB+C—3D=§
A+B+C+D=1
T 81
Solving these gives us
25
4=3
1

Bi= 108 =

61

D=3

and our matrix element can be written as

e 61-0 —+ - -
MBI, T) = 2[4 2 A)alb + (14 S )da -3

D.2.2 Tensor spin-isospin matrix element
For the spin operator we have for A = 2

2
(F2-485 - Qa=2 = % i3(4)

Using as our starting point the results obtained in (4.38) we have

MBS, T) =7 3 w001 b O 1, )
ll'vllvl
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(D.23)

(D.24)

(D.25)

(D.26)

(D.27)

(D.28)

(D.29)

(D.30)



where the isospin term is the same as before

n%s(ll'llli) = Z Z Z4(_)1+l'+u36+1+u12+u45(_2(_)#25 — 1)

1£461141245,/41346 K25,/436+4413 \,K

(2p1245 + 1)(2p36 + 1)(2p1346 + 1)(2p25 + 1) (13 + 1)(2p46 + 1)

X

X

(2X +1)(26 + 1)[(21; + 1)1 + D)2+ 1) + 1)
{111 }{ 11 }{z\’éms K #46}
K13 % % % % 12 % K45

3

11 1

2 2 2
H13 M6 P1346 H13 46 M134s] L U piass L 1 s

X

[N
N
=
(S
=

K36 36

(M

1

2

=

N

N|=
N~
>
X
N

X 6(/\A’)5(I§K,’)6(#1211)6(#4511) (D31)

and the spin term is that given in (4.51)

g9 = 3 22haas + 1)(2as + D[(2A + 1)(2k + 1)]2 (=)e+!
l1245,138, A5
-1
i 17 hos I 1) loss i1 5 119
XY 3 3 s 3 3 lse Ak S L A
S U | Ak 1 11 2 11 2
1 - ~ R
x5 < (3)312ll(h3)3 >< (I'$)31a51(113)% > Sab(9) (D.32)

We now need to evaluate the reduced matrix elements

< (13)3ll72ll(hg)3 > (D.33)

< ('$)31195]1(h )3 > (D-34)

As they have the same stucture we will show the results for (D.33). From deShalit and

Talmi [DeshTal] we have the rules for evaluating reduced matrix elements. For o(i =
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1,2,4,5) we have

< UDAIFENEDE >= (-1 +VEEA+ D+ DL +1VE] 1}{f fl} (D.35)

This will then give us for the spin matrix element

7735(”) = D 6(2h24s +1)(2l36 + 1)(2A + 1)(2x + 1)

l1245,l36,),%

x[(20 + 1)(20 + 1)(21y + 1)(20, + 1)]3 (=)s+ =

L 1 s L 1 hLoaas
XY 3 3 las 33 la

A 5 A 1

11 1p 1

LanHo s Ho, ’}{,, b

=
Nl=

>

K

—

1

}GSab(Q)

S
S
2

(D.36)

This now enables us to numerically solve the spin-isospin matrix element. The solutions

are :

e 1
MEE9(1,0) = -
e )
MWL) =

Using the method given in Appendix C we get :

1
-5 = A-3B
5
E—Q‘ = A+ B
Solving this gives us
1
4= 1os
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= —52—4 (D.39)

and we obtain for our matrix element

MESS,T) = 7 (1-

Wl =

Ta - ﬁ,) Sab(4) (D.40)
D.3 Radial Matrix Element
We now need to evaluate the radial matrix element. This was given in (D.3). This is

ng 1 =< pZeplle ) P(1 - ()T P gk > (D-41)

where ¢F and of are the spatial wave functions given in (3.18). Expanding and separating
the matrix element into two terms and ignoring the spin-isospin phase factor for the

moment gives

np) = < pZ(123)0f(456)||€T(27) PE| |05 (123) 0 (456) > —

< 5(123)0f,(456) |7 27™) P5, P ||05(123) 0 (456) >

= < E(123)pF(456)|€'(277)||0Z(126)F(453) > —

< @5 (123)p(456)[ € 0775)|[E(453) ¢ (126) >

= A-B (D.42)
We now calculate the terms separately
A = < gE(123)pF(456)|[e72=7) || (126)p (453) >
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a4
2\ 4
< [(Z)T Jen fs s [ f s f it
xe-%z{‘”s-%)26—%2(T4+%)2e—p?2(1‘5+%)2e—%2(rs+%)2ef9'(72-fs)e—%("1—%)2

2 2 2 2 2
Xe—%(12—%)26—%—(76_%)26—%(r4+%)2e-%(T5+%)ze—%(r3+%)2

9
2
= (—ﬂ ) /d37‘1e'ﬁ2(r1"%)2/d37'ge'62("2"%)2+"‘1"2/d3r3e'£22‘(21'§+%2‘)
T

x/(131'46_‘62("“"'%)2 /d"'rse"ﬁz(’”%)z"'q"-"/d3ree‘%2‘(2"§+RT2) (D.43)

Using the integral function

N

(D.44)

o
/ d3re=? = 2
0 a3

We get

9 3\ 4 . ,
A= (ﬂ—z) (m) £ /darge-ﬁz(T§°T2R+RTz_%z)/dsrse_ﬁz(rg‘*"m"'%z""%;z)

w) \B?
(D.45)
Using the method of completing the squares we arrive at:
2\’ (3" _em _gm sramd (4R 2 [ 4RP
A = [=— B e 2z e 2 /d3r2e—ﬁ [r2=3 G +RIF Tl +R
T
9 9 3\ 4 3y 2
é_ E e_ﬂsz I_z. e 2 e’Q'Re 22R2
T 33 33
2 p2 2
= e~ BT gieR (D.46)
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Now evaluate B

B = < ¢§(123)¢f(456)||e" (27| |05 (453)¢F(126) >

Il

ﬂ2 9 2 L 2 2
Ll /dSTIe—ﬁ 32— /dS B2ri— +ig- rz/d.'i,rse—ﬁ (r;;--—)

/d3r e~Pri- -EE /d3,- e=Piri- -EE —igrs /d3r e P (re+3)?

4 ‘¢ .
= (}32) (53) e—ﬁ2R2/d3rze—ﬁ2(r2—$r)2e-:§2'/dsrse—ﬁz(rs+#)2e—fg§

Vs

= PR (D.47)
This will give for the radial matrix element

n?(qe) — A-B
= e_pzz—aze_ig;’e"q'R B R% ™

2R2 _ ¢ . 2 o2
= B—ETC 282 (etq-R_e_é2R )

(D.48)

Together with the factor from the spin-isospin matrix element for the nucleon exchange

term we get as our final answer

2 o2 2 . 2
0 = o f o (aR (o B (D.49)

From the above we can now evaluate the potential using (D.3) as a starting point and

substitute in the solutions for the matrix elements, remembering the constants as well.

_fA 3 d3q l 2
25(ge ™ 5(qe) 25(ge) 25(qe
0?3ee) = qq4 N J @r)p (¢t m2)'R ) [M o + M )] (D.50)
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The integrals have been evaluated in chapter, so using the method outlined in there we

arrive at our potential.

2.4 2 g2 . 2 p2
o) = Joug S8 -2 42500 (1,() - (D ) + MESL(R)

(D.51)
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Appendix E

Quark-Pion Coupling Constant

The quark pion coupling constant can be related to the nucleon pion coupling constant.
In order to do this let two clusters interact through pion exchange between the quarks. At
an arbitrarily large distance the central part of the interaction between the clusters can
be given by

1 fRyg ™R

2
3ar  EP0me) (g) (@n - n)(TN - Tiv) (E.1)

Ve(R) =
where R is the relative distance between the centers of the two clusters; oy and 7 are the
spin and isospin operators which act in nucleon space ; §(q) is the fourier transform of the
quark density in the cluster with normalisation p(¢ = 0) = 1. The finite size effect of the
clusters can be factorised at large distances by means of the factor g(im,)%. Equation (E.1)
can be viewed as a generalisation of the Gauss theorem for two spherical distributions for
the case of a Yukawa interaction. The Coulomb interaction for two spherical distributions
can be obtained by setting m, — 0, and omitting spin-isospin factors, with the result that
the interaction is equivalent to the case where the charges are concentrated at the centre
of the spherical distributions. By comparing (E.1) with the standard Yukawa potential

1 f2 -mxR - - - -
ViR) = s N EE G ) - ) (B2)
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we get

fﬂ'qq = gferN ﬁ(imw)-l (E3)

For the gaussian distribution of the radial function , including center of mass corrections

we have

Bg)= e (E4)

where 3 is related to the harmonic oscillator length by its inverse. Substituting this in

equation (E.1) gives us

f1rqq = %f‘rrNNe—J‘ézI- (E5)

For the nucleon pion coupling constant we use the value

Janw _ 089 (E.6)
4r R ’
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By extending a coupled channels model which has proven successful in describing the reaction
pp —m*d, we make predictions for charge symmetry breaking effects in the reaction np —>d7°. We
find that nucleon and delta mass differences at vertices where pions are emitted or absorbed are im-
portant (as for np elastic scattering). However, -7° mixing is also important in pion production.
We predict forward-backward asymmetries in the pion production differential cross section as large
as 1% (for laboratory energies below 800 MeV). The asymmetries induced in polarization observ-

ables are small.

I. INTRODUCTION

If we understood the strong interaction completely, a
knowledge of its symmetry properties would be little
more than a convenience. However, at the present time
we are still struggling to develop a consistent, microscop-
ic understanding of the nucleon-nucleon (NN) system,
with models ranging from pure phenomenology, through
one-boson exchange, to explicit quark models. All of
these models have free parameters which are adjusted to
fit elastic NN data, and, in some cases, data on pion pro-
duction. The lure, which has prompted a number of
groups to make the very difficult measurements necessary
to reveal small symmetry breaking effects, is that these
may test different combinations of the parameters from
those already fitted. It may even be that some models can
be rejected on the basis of these further tests.

A recent experiment on elastic np scattering' revealed
a new (class IV) piece of the NN force.? Further experi-
ments along that line should help to clarify the relation-
ship between a quark-level description of the short-
distance force and the long-distance, one-pion-exchange
(OPE) force. In this work, our interest is in the pion pro-
duction reaction np—d7°. Of course, in a charge-
independent world this is directly related to the reaction
pp—m*d, which has been exhaustively studied theoreti-
cally and experimentally. As this is the prototype meson
production reaction, it is crucial to push the various
models for it to their limits in order to redefine our un-
derstanding of short-distance (high-momentum transfer)
physics.?

Much of the pioneering work on charge symmetry
breaking (CSB) in this reaction has been carried out by
Henley, Miller, and collaborators,*> They were the first
to observe the dominance of 7-7° mixing [see Fig. 5(a)] as
a reaction mechanism. Since the role of the 7 in the NN
system has never been very clear, this opportunity to
sharpen our understanding is quite important. Our work
has confirmed the importance of the 7-7° mechanism for
CSB in the np —d7° reaction.

The A resonance plays an important role in pion pro-

38

duction. The earlier work of Cheung, Henley, and Miller
(CHM) used a modification of the Chew-Wick model of
the delta.® This description is now out of date,” and we
include an explicit A baryon instead—-along the lines of
Green and Niskanen.® One final new feature of our work
which deserves note is that we compute not only the
effects on do /d(, but also on various polarization ob-
servables. [In the n-p elastic case it proved advantageous
to measure A4 (A4, — A,) at the zero in 4,(6)]."

The details of the calculation are given in Sec. II. In
Sec. III we discuss the results, with particular considera-
tion of possible experimental tests. Finally, in Sec. IV we
make some concluding remarks.

II. THEORETICAL FRAMEWORK

Our model for the isospin conserving amplitudes for
np —dn° is that of Green and Niskanen.? It is based on
the nonrelativistic, one-body pion production operator

H=—L 5 &.[9r-¢x)+M) (5,7 -m5)] .
i=1,2

(2.1)

Here, f2/4m=0.081, p; is the momentum of nucleon i
[mass M =(m,+m,)/2], and ¢ and 7 are the pion field
and its conjugate momentum. The latter have the matrix
elements

<7qu" ¢,(X) | 0) =8ij(2wq)—l/2e_,ﬁ'.;’,

» v e (2.2)
(ﬂqu ’ﬂ'j(i) | 0>218’J(w‘1 /2) / I
While p should be the 7 mass, we shall use the average
pion mass (138.1 MeV), with negligible error.

There is a well-known ambiguity concerning the form
of the nonrelativistic 7N coupling. In particular, the
second Galilean-invariant term is quite model dependent.
Omitting it would lead to a 20% scaling of the reaction
cross section which could be compensated by a slight
readjustment of the OPE cutoff parameter.

As we have already remarked, the A resonance plays a

838 ©1988 The American Physical Society
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crucial role in this reaction, being primarily responsible
for the large bump in the cross section near 600 MeV
(Ep)- In order to describe the meson —N<A vertices,
we introduce the transition spins and isospins (S; and T;)

_d>  L(L+1)
dr? r?

d? L;(L; +1)
_dr +

—k24+MV,

+M,

Here u(r) and w,(r) are the relative NN and AN+NA
wave functions, k>=ME,, /2 and E is the c.m. energy.
The mass parameters appearing in Eq. (2.3) are A, the
mass of the delta; M, the A— N reduced mass; and T},
the width of the delta. (The latter is energy and state
dependent, as described in Ref. 8.)

For the diagonal NN potential (V) we use the Reid
soft-core potential,!® suitably adjusted® to avoid double
counting the iterated, N-A box diagrams (see Fig. 2). The
diagonal A-N potential (V) is set to zero in this work,
while the charge-independent transition potential is

f}%’NpE

Vz_fiff T, 7 1 Ve

S

Vlur)—

+Sl 0'2

|

(2.4)

2f AN
V.(ur)+——Xe Ly (pr)
j NG

+(12) .

The AN~ coupling constant is f*2/47=0.35 (in order to
fit the width of the delta), and

*

f
NNP fNNp f (2.5)

fANp =fane7 FaNa

with  fyy,=(m, /2M)gp 1+k,), gp/4rr 0.55, and
k,=6.0."" The transition tensor . operator is

(2.6)

FIG. 1. The meson exchange mechanism responsible for the
NN and NA channel coupling.

T,

of Sugawara and von Hippel.® The dominant mesons are,
of course, p and 7. Their exchange, illustrated in Fig. 1,
introduces AN*NA components into the wave function.
This leads to a set of coupled Schrodinger equations®

u(r)= —ME Vy(Dw;(r) ,

(2.3)
’w,-(r)z—MAVl(i)u(r) .
[
Viur)=Y,(ur)—(A/p)’Y(Ar) ,
.=, 2.7)
X

Yr(x)=(14+3/x +3/x2)Y.(x)

The monopole cutoff masses used in the potential are
A =700 MeV for the pion and 950 MeV for the p.

Once the NALAN component is included in the wave
function, the delta can participate in the pion production
process as shown in Fig. 3. The transition potential first
generates an intermediate A which subsequently decays.
Although s-wave N rescattering is necessary (particular-
ly for polarization observables), and has been included as
in Ref. 8, it is important to note that the contribution of
the A isobar is dominant above 400 MeV (E,,;). The
present model has been very successful in reproducing
and predicting both cross sections and polarization ob-
servables in the pp —d 7™ reaction. It should therefore
provide a suitable starting point for calculating charge-
symmetry breaking in np —d7°.

The differential cross section in np —d7° (including an
extra factor of J compared with pp —dn*) can be writ-
ten
o, qM

— 9 ( Hro SM) 2

(2.8)

Notice that different spin states (SM) of the NN system
do not interfere with each other. Because of the Pauli ex-
clusion principle, singlet (S=0) initial states with isospin
one (T=1) give rise to pion final states of odd angular

FIG. 2. A contribution to NN scattering which arises from
coupling to the NA channel and must not be double counted.
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7
e
e

FIG. 3. The lowest-order process whereby coupling to the
NA channel leads to pion production.

momentum (/) only. Triplet T=1 states give rise to /.
even. Thus, each term in Eq. (2.8) contains either a sum
of terms even in / squared, or a sum of odd-/,, squared.
Consequently, the differential cross section is symmetric
about 90°. This is an example of the theorem of Barshay
and Temmer. '

On the other hand, if isospin is broken at some stage of
the reaction, an initial singlet state with 7=0 may give
rise to an /_-even final state. The interference of this am-
plitude with the charge-symmetric amplitude will pro-
duce a forward-backward asymmetry. It is easily seen
that such an asymmetry also breaks charge symmetry.
Similar considerations apply to other observables which
are either symmetric or antisymmetric in the charge-
symmetric case (e.g., 4,,, 4,,, 4, it};).

We now turn to consider the possible mechanisms for
charge-symmetry breaking. In the case of n-p elastic
scattering, Miller, Williams, and Thomas found that the
largest single source was the n-p mass difference at the
NN vertex.?> This introduces charge asymmetric cou-
plings H, and H,, where the nonrelativistic reduction of
H yyis

H_yy=H,+H,+H, . (2.9)
H, was given in Eq(.2.1) and
H =—-8L5Vs,, (2.10)
n
H2=—8£&’ (F+5" )X s 2.11)
where 8 is given by
6=(M,—M,)/(M,+M,)=(M,—M,)/2M . (2.12)

Taking H, and H, into account leads to a CSB NN po-
tential of the form

2
Vs—af E‘{("'l'f""z LS Vrlur)+6,-0,V (ur)]

—6(1‘1XT2)2(5"1X5"2)'LVLS(/,U)] > (213)
with
Slz=3&’1'/l}&’2‘?—6"l'_’2' ’ (214)
1 d
Vis(x)= * dx V. (x) (2.15)

[We include the same form factor as in Eq. (2.7).]

Using the classification of Henley and Miller,* the first
term in Eq. (2.13) is of class III, and the second, class IV.
The former is zero for the n-p system, whereas the latter
can give rise to transitions from T=0 to T=1, and hence,
contribute to the forward-backward asymmetry. (It can
only act in NN states with L =J.) In practice, because
pion production is so dominated by the A isobar, this
effect is actually very small for the np —d 7° reaction.

One might also expect to find a coupling at the AN«
vertex, analogous to (2.10) or (2.11), which would break
charge symmetry. Ultimately, the source of such terms is
the underlying u-d quark mass difference. For example,
if one postulates a pseudoscalar coupling to constituent u
and d quarks, and allows for m,m,, one arrives at pre-
cisely Egs. (2.9), (2.1), (2.10), and (2.11) in the limit of

nonrelativistic nucleons (with 8=(my;—m,)/[3(m,
+m,)]). Applying exactly the same procedure to the
AN vertex with SU(6) wave functions one finds
Hyy,=Ho+H; , (2.16)
with
Hy=— L §5.FT ¢, 2.17)
0= .
7
f*
H'2=—57 (P+Pp ' NUTX¢)s . (2.18)

(There is no contribution analogous to H, because the
AN transition requires a transition isospin operator.)
Having justified the presence of H} in this way, we shall
nevertheless use Eq. (2.12) for 8 at the AN 7 vertex too.

Using the charge-symmetry breaking couplings at both
the NN7 and AN vertices, one readily finds the follow-
ing CSB transition potential:

, 5/f* .
V¢(OPE)= %—%{ T[SV ur)+8,-55V. (ur)]

—6(T, X1,),(S;X7,)-LV,s(ur)}
+(1e2) . (2.19)

(Note that this does have a class III piece because of the
H | term at the 7NN vertex.) It is important to note that,
contrary to the NN case, this term, which is like a class
III term, also induces an isospin change from T=0 NN
states into T=1 AN+ NA states. Furthermore, since the
N and A are distinguishable particles, the isospin 1 state
can have either spin 1 or 2, and these can couple to the
tensor coupled L =J+1 NN states as well as to the un-
coupled ones. This feature can contribute in two ways:
as an isospin one admixture in the T=0 states in the ini-
tial or the final states (i.e., in the deuteron'®). In the
present work we do not consider the effect of the very
small isospin breaking in the deuteron. Once the isospin
1 components—either NN or AN+ NA—have been gen-
erated, they naturally lead to pion production through
the action of H( [Eq. (2.17)]. The mixing is computed by
extending the coupled equations (2.3).

In addition to having isospin breaking occur prior to



the pion production, it is possible to have a pion produc-
tion vertex of type (2.10), as shown in Fig. 4. This allows
production directly from isospin O states, since the vertex
does not involve any operator to change the isospin. We
expect that this should not be a large effect in the A re-
gion, since the initial state is an NN state.

Sy p (y|H |7

Vtr —
i 4T 3 7,2 _#2 )

I
Tl3 S12

Except for a factor of 1, this is completely analogous to
the corresponding interaction in the pure NN case. This
factor comes because for each particle becoming a A,
there are only two possible time orderings versus four for
nucleons. If the same monopole form factors are used for
both #° and 7, the form factors cancel and the potential
is like a OPE with a very long-ranged (7~!) cutoff. Its
action is like that of the first term of Eq. (2.19), only (de-
pending on f,) larger, since the coefficient in front is
larger. For {(n|H |7) we shall use the value —4000
MeV?, extracted from electromagnetic mass splittings. 4
The nNN coupling constant f,=g,u/2M is difficult to
extract from NN scattering, and is very badly deter-
mined, with the values ranging from gf,/41rz0.5 on the

Vplur)— |1
T\H [“
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The 7 and 7° meson mixing contributes both to the
transition potential from T=0 to T=1 states [Fig. 5(a)]
and to the final pion production vertex [Fig. 5(b)]. How-
ever, the 7 mixing potential is of type III and does not
directly contribute to np scattering. For the process
np —AN=LNA, it has the form

3
Vy(nr)

3
+8,-3, V.(qr) | t+(1o2) .

V.ur)— |1
v [“

(2.20)

basis of SU(6) symmetry, to ~4 from OBE fits for NN
scattering.!! The CSB in this particular reaction could
be one way to get a handle on this coupling constant.
For gf,/41r=3.68 from Ref. 11 the coefficient in Eq.
(2.20) is 5 times larger than in Eq. (2.19). However, the
first term in Eq. (2.19) is not the main contribution to the
mass difference effect. In fact, the second class IV term
contributes about as much to the asymmetry of the cross
section as the 77 mixing just considered.

The m7 mixing effect in the pion production vertex
[Fig. 5(b)] is not negligible, even though it acts only in the
np states. The reason is that the effective isosopin violat-
ing pion production coupling

Sa (n|H |m)
gprod — __ =7 n 5V, . -
nmw w 2(n2+q'2)l/2[(‘u2+a2)_(n2+(_].2)]1/2 ¢3
= 7’
=0 7 g -7 ’
7 0
7 L
x g /::>
' d
)

FIG. 4. A direct, charge-symmetry breaking contribution to
the np —d7° amplitude—corresponding to H, of Eq. (2.10).

'n—?r°
(a)

(b)

FIG. 5. The two lowest-order mechanisms by which 7-7°
mixing can contribute to CSB.
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is about 5 times larger than in Eq. (2.10), for the parame-
ter values given earlier.

III. RESULTS

In Fig. 6 the contributions to the forward-backward
asymmetry from the various mechanisms presented in

Full n+8 (67 /4m=3.68)

......... Only & type I¥

-—-— Full & only

_____ N1 only (G)/41r=3.68)
w— = Full nmi+s (G,.’2/1.ﬂ=0.5)
— — nm [Fig 5(a}]

o
o
T
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- do
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-0.5+~
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0

2

©
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-]

olc
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I

[
CE /

/ (b)
/ 580 MeV
-0} /
7
e
L~
FIG. 6. (a) The forward-backward asymmetry for the

np—d® cross section (in the c.m. system) at a neutron labora-
tory energy (T,) of 477 MeV. The solid curve is the full effect
of 8 (n-p mass difference in pion exchange) and 7-7° mixing
(with gf,NN /4m=3.68); the dotted curve includes only & (type
IV); dot-dash is full § only; short dash is full -7°% long dash is
n-m, but only Fig. 5(a); dot-dot-dash is full 8 plus n-7, but with
gf,NN /4m=0.5. (b) As for (a) but at T, =580 MeV. (N.B. 0 is
the angle between the initial neutron and the outgoing deute-
ron.)

Sec. II are shown for the neutron energies 580 MeV (right
on top of the A resonance) and 477 MeV (the energy of
the recent CSB measurement in np scattering). The larg-
est contributions are from the class IV interaction arising
from the baryon mass splitting (8, dotted curves), and the
class IIT np — N A transition due to 97 mixing [Fig. 5(a),
long dashes]. However, including 7 mixing at the pro-
duction vertex, as depicted in Fig. 5(b), decreases the n7-
mixing effect by more than one-half.

A comparison of our results with those of Cheung
et al.’® reveals agreement on the sign of the 1-7 mixing
effect [note, however, that they omit Fig. 5(b)]. On the
other hand, the class IV pionic contribution appears to
have the opposite sign. This difference may be caused by
a difference in the sign of the mass splitting used for the
A resonances, which in their case were calculated using
the Chew-Low model,® rather than the quark model
(which agrees with experiment).

The large size of the n7-mixing effects follows because
the numerical factors in Egs. (2.20) and (2.21) are rela-
tively large. This result obviously depends directly on the
value of the NN coupling constant, which is probably
poorly known (gf,/41r=3.68 is used in these curves'!).
Anyhow, this is a large cancellation of the two types of
nm contributions. The full np mass difference effect is
shown by the dot-dashed curve. By comparison with the
dotted curve it can be seen that the “type III’” NA tran-
sition potential has a relatively minor effect. The solid
curve gives the total sum of all contributions. Finally, in
order to show the effect of the /NN coupling, the result
with g2 /4w=0.5 [which is more consistent with the
SU(6) quark model] is shown by the dot-dot-dashed
curve.

Studies of charge-symmetry breaking in the low-energy
N-N system have shown that the ' meson can be impor-
tant. In particular, it has been suggested that one should
consider 7’-7° and 7-7° mixing together. Since studies of
N-N scattering determine the ' NN coupling even less
precisely than that for 7NN, any calculation of this effect
should at best be considered an indication of its possible
size. For simplicity we have chosen g,.yy equal to g, yy.
For the mixing amplitudes we take (7 £ H | 7°)=—5900
MeV? and (7’| H | 7°) = —5500 MeV?, which are more
recent'>!® than the conservative value for (n|H | 7°)
used elsewhere in this paper. In Fig. 7 we show the for-
ward backward asymmetry in np —d7° at 477 and 580
MeV resulting from 7%-7° mixing with the newer mixing
matrix element, the 1}’-1r° mixing contribution and the to-
tal result (including baryon mass differences). For the %’'-
7° contribution, as for 7-7°, there is some cancellation
between the term involving rescattering through the A
[Fig. 5(a)] and purely external emission [Fig. 5(b)]. Un-
like the low-energy situation, there does not appear to be
any tendency for cancellation between the 1-7° and 7’-7°
contributions.

To illustrate the energy dependence, the total results
for several energies are shown in Fig. 8. The trend
roughly follows the size of the isospin conserving cross
sections which are shown in Fig. 9. There is a maximum
asymmetry in the A region (=600 MeV laboratory ener-
gy), just as there is a maximum in the cross section. The
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FIG. 7. The forward-backward asymmetry for np —d7° at
477 and 580 MeV. Here we include the possibility of 7’-7° mix-
ing as well. In these curves g%NN /4w was taken equal to
gf,-NN /4m (i.e.,, 3.68), and the mixing matrix elements were
(n|H |7°)=—5900 MeV?and {7’ | H | 7°) = — 5500 MeV2.
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FIG. 8. The full prediction of the forward-backward asym-
metry for several neutron laboratory energies.
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do /dQ (ub/sr)

100

FIG. 9. Our prediction for the full differential cross section
for np —dn° at the same energies as Fig. 8.

angular structure is, however, very different from the iso-
spin conserving cross sections. With the exception of the
energies below 500 MeV, the asymmetry is maximized at
a common angle of about 45°. For the lowest energies,
the asymmetry is very small. A better indication of the
relative size of the effect is given in Fig. 10. There the en-
ergy dependence of the asymmetry between the forward
and backward direction is shown as a fraction of the pro-
duction cross section at the angles 0°, 45°, and 60°. Obvi-
ously, =45° is the best for observing the asymmetry for
all energies above 500 MeV, since for this angle it is abso-
lutely maximized and is also large proportionally.
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FIG. 10. The foward-backward asymmetry in do/d) for
np—d7° as a percentage of do/d(Q, at three c.m. angles (0°,
45°, and 60°) as a function of neutron laboratory energy.
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With the presently conceivable experiments, the effects
of the CSB in the reaction np —d#° should be clearest in
the cross section. However, because of the neatness of
null experiments, we examined this more speculative pos-
sibility. The deuteron polarization iT;; goes through
zero at 90°, if charge symmetry is unbroken. Since this is
a very small observable (as compared with its possible
maximum values), it is apparently a result of very delicate
cancellation of relatively large amplitudes, and as such,
could be sensitive to small effects like charge-symmetry
breaking.

Unfortunately, this very sensitivity can make it difficult
to compute this quantity from a model. In our model,
the agreement with experiment!’ at E,, =650 MeV
(T,~180 MeV) is reasonable (Fig. 11), and we calculated
the effect of charge-symmetry breaking on iT;. The re-
sult was iT},(90°)= —0.006, and the zero point was shift-
ed by A= +0.75°. Allowing for the fact that the slope
may be overestimated by a factor of 2 (Fig. 11), this shift
could perhaps be as large as 1.5°. It would be very in-
teresting to know whether it is beyond present experi-
mental capabilities to see such an effect.

As a final illustration of the usefulness of measuring A8
as well as Ao, we briefly mention the results of a phenom-
enological study of the variation of these observables.
For the result quoted earlier we used the CSB amplitudes
from our model. Suppose we now allow the signs of the
real and imaginary parts of the three dominant CSB am-
plitudes (NN —mD: 3S,—p, *D,—f, and 'P,—>d) to
vary arbitrarily. Then we find that Aoc may vary by a
factor of 10, while A8 varies by a factor of 2. There is lit-
tle relationship between the size of the effect on A6 or
Ao. While this exercise is little more than a game, it does
illustrate that if we really wish to pin down the CSB am-
plitudes, and hence test the model as thoroughly as possi-
ble, measurements of the forward-backward asymmetry
(Ao) and A# (for iT,, ) are complementary. '*

IV. CONCLUDING REMARKS

We have presented a systematic study of charge-
symmetry breaking in the Helsinki and model® for pion
production. As suggested earlier by Cheung, Henley, and
Miller,” the two dominant mechanisms for breaking
charge symmetry involve the n-p mass difference in pion
exchange and 7-7° mixing. The latter is particularly in-
teresting because of the uncertainty surrounding the role
of the 7 in the N-N force. While there are a number of
theoretical questions which need to be pursued, it is clear
that further progress will be severely held back until we
get some accurate experimental data with which to com-
pare these calculations.

Tr =180 MeV

_————

FIG. 11. The polarization parameter iT, for the reaction
np—dn® at a neutron laboratory energy of 650 MeV
(T$™ =180 MeV). The data is from Ref. 17. The solid curve
(dashed curve) is our prediction with (without) CSB effects.
(Note that if charge symmetry is good, iT; is symmetric about
6. m.=90°.) In this case alone, 0 is the angle between the initial
proton and outgoing deuteron in the c.m. system. We use the
Madison convention.

On the theoretical side, further work should be done
on p%-w mixing, which Cheung et al. claimed was negligi-
ble. One would also like to see other models, especially
three-body models, applied to this problem. The mixing
amplitudes (7| H |7°) and (o |H | p°) have been ex-
tracted from rather old experiments. It would be very
worthwhile to have a realistic estimate of the errors on
these matrix elements and to know whether they could
now be improved. One would also like to know the size
of the photon exchange contribution to CSB.

Finally, we mention that fundamental work on the
NN vertex, using the cloudy bag model, ' has suggested
another mechanism for CSB. The mass differences of the
u and d quarks imply®° that the 7°nn coupling should be
larger than the 7°pp coupling by about 0.4%. This is the
opposite sign from the effect of 5-7° mixing at the vertex.
Indeed, with g2yy /4m=3.68(0.5), Eq. (2.21) implies that
the pp7° coupling constant is about 0.7% (0.2%) larger
than that for nn#°. Thus, if taken at face value, the effect
of quark mass differences would tend to cancel the effect
of 7-7° mixing. For the present, we would prefer to
study this question further, particularly considering bag
recoil corrections before drawing such a strong con-
clusion. In any case, there is some very interesting and
fundamental physics to be learned.
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We show that the quasi-two-body absorption process in polarized *He is sensitive to the short-
distance behavior of the T =0 correlation function. The difference between 4, calculated for a free
deuteron and a “deuteron-like” pair in *He exhibits characteristic, energy-dependent signature

which should be accessible experimentally.

The study of high-momentum-transfer reactions, like
pion absorption, is a major challenge for present-day nu-
clear theory.! Historically a great deal of effort has been
devoted to the two-nucleon system and particularly the
md<>NN reaction. A wide variety of theoretical ap-
proaches have been tried, including the coupled-channels
method,>® three-body methods,*> and multiple-
scattering theory.® This work is now being complement-
ed by sophisticated polarization measurements.’”® So
far each of the models can reproduce these data at a fair
level of precision within a reasonable range of its un-
known parameters.

In an attempt to place somewhat stronger constraints
on these theories, Ashery et al. and Backenstoss et al.

recently began a series of studies of quasi-two-body (Q2B)
absorption on light nuclei.'”'? In response to this, we
used the coupled-channels methods of Green, Niskanen,
and others®> to study the sensitivity of the polarization of
the outgoing proton (P,) in Q2B absorption on °He
[7"3*He—p +p(+p)] to the short-distance physics. 3 In
particular we viewed the process as the quasifree absorp-
tion of the 7 on a “quasideuteron” within He.

A key difference between the free deuteron and a
quasideuteron within *He is that the latter is much more
compact. That is, the pion is absorbed on a higher-
density pair. We replaced the S-wave part of the deute-
ron wave function in our calculation of pion absorption
by the square root of the T'=0 correlation function of
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FIG. 1. The analyzing power A, for various energies. Solid curves: free 7+d — pp; dashed: with *He reaction kinematics; dotted:

with the correlation function of Friar et a

l. 14

40 2420

© 1989 The American Physical Society



40 BRIEF REPORTS

Friar et al.,'* as well as a simpler parametrization sug-
gested by the early work of Hadjimichael et al.’® This
wave function is expressed in terms of a scaling function
times the Reid'® deuteron wave function. The same scal-
ing function is used to obtain the D-state part from the D
state of the Reid wave function. It turned out that the
outgoing proton’s polarization P, was quite sensitive to
this change in the deuteron density. In particular there
was a characteristic energy dependence predicted by the
model which should be amenable to experimental test.

More recently, with the availability of a polarized *He
target in the near future,!” it has been suggested by Gill
et al.'® that one might obtain some insight into the pion
absorption process from Q2B of 7+ on polarized *He.
Here we examine this suggestion within the same model.
The kinematics of the m¥ “d” reaction were adjusted for
the different Q value in the three-nucleon system. The
main effect of the initial-state pion distortion was as-
sumed to be a lowering of the overall cross section, which
is unimportant for the vector analyzing power 4,. Asin
the Madison convention the positive y axis is taken along
ki, Xk, The relation to the spherical tensors is
A4,=V2it;y for m+ absorption on *He and
A,=2/V3it}, for #*d —pp. It is worth noting that in
terms of two nucleon amplitudes the expressions for 4,
are the same, so that in a quasifree process this observ-
able can be directly compared between the two reactions
without any proportionality constants. This is why, in
the present context, we have preferred to employ the
Cartesian tensors instead of the more commonly used
spherical tensors even for the spin-one deuteron.

In Fig. 1 we show the predicted analyzing power for
the Q2B absorption of 7* on polarized *He at a number
of pion laboratory energies. The dotted curve is our full
result using the wave function of Friar et al. For com-

2421

parison we also show the results for a free deuteron (solid
curve) and a free deuteron wave function with kinematics
appropriate to the *He reaction (dashed curve). Quite ob-
viously the change is not due to merely different reaction
kinematics.

Before discussing these curves in detail we make one
cautionary remark. The quantity 4, is numerically
small, and therefore difficult to calculate precisely. For
our model the agreement with A4, data for the free deute-
ron is not as good as for other observables away from the
region of A dominance (say, 140-200 MeV). Neverthe-
less, we do believe that the difference between the solid
and dotted curves should be fairly accurately determined.

It is clear from Fig. 1 that the change in the n —p
correlation function has a dramatic, energy-dependent
effect on A,. Below the resonance, at both 62 and 120
MeV, the effect is to make 4, more negative by between
0.1 and 0.2—especially at large angles. Near resonance
there is little effect, while at 246 MeV A4, is increased by
as much as 0.15. These changes should be readily
measurable with a modern, polarized target.

By experimenting with simpler changes to the
quasideuteron wave function it is clear that the main
reason for the changes seen in Fig. 1 is the compression
of the short-distance n —p wave function in *He com-
pared with the free case. Much of this sensitivity is asso-
ciated with the s-wave pion rescattering which plays an
important role in the coupled-channel calculation of pion
absorption—at least off resonance. It would be a
worthwhile test of our understanding of pion production
to check these predictions for A4, as well as our earlier
ones for P,.
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Absatract

The NN interaction iz studied assuming the quarks in the nucleon couple
directly to the pion. To compare with the meson exchange models for the NN
interaction, an NNV potential hased on the quark one pion exchange mechani.sr;'x
(QOPEP) is derived and investigated. Many features of the meson exchange N N
potentials are present in QOPEP, Overlap of nucleon wave functions and quark
exchange are found to generate a repulsive core and a medium range attraction

in the nuclean-nucleon potential.

1 Introduction

The NN interaction plays a special role in the strong intcraction physics. Over
five decades of intensive work on this problem greatly enriched our understanding.
Presently, the meson exchange mechanism is most successful in describing the empiri-
cal situation. The best known meson exchange potentials are those of the Bonn, Paris
and Nijmegen [1,2,3] groups. On the other hand, it is well known that the nucleon
is a composile object consisting of quarks. There are many successful quark models

that can describe single hadron properties with good precision. This gives hope for



an explanation of the NN interaction from the underlying quark dynamics. It is also
hoped that the quark degrees of [reedom will enable us to explain some ambiguities
in the meson exchange models, notably the short range repulsion which is expected Lo
depend very much on the pucleon structure. In meson exchange potentials, the short
range NN interaction is usually parametrized by phenomenoclogical repulsive cores or
. by use of form factors, which are yet to be explained(4].

A substantial amount of information on the substructure of Lhe nucleon has been
accumulated over last thirty yeu.s. It is very templing ta utilize this information
and to relate its substructure to Lthe interaction processes. Then we may hope to un-
deratand the phenomenological parameters in terms of more fundamental quantities.
Many authors [5,6,7] have attempted to explain the NN interaction in terms of the
one gluon exchange (OGE) |8] mechanism, which is reasonably successful in describ-
ing single hadron properties. Unfortunately, the NN potentials based on OGE are
somewhat disappointing [5,6,9]. In particular the tensor force derived from OGE is
two orders of magnitude smaller than that in the meson exchange potentials. On the
other hand, OGE alone can not be expected to describe the NN intcraction al low
energies if quarks and gluons are confined within a distance of one fermi [10]. To in-
corporate the substructure of the nucleon and exploit the well established long range
one pion exchange mechanism (or the NN inleraction, we assume Lhat quarks in the
nucleon couple directly to the pion.

Quark pion coupling is known to be very important Lo guarantee chiral symmelry
in more sophisticated models [11]. In the quark model, one usually ireats the pion as
a quark-antiquark (gg) pair, therefore this picturc can be viewed as including the ¢§
creation process in the NN interaction. Unlike one gluon exchange | ¢§ creation is a
non-perturbative effect which may piay an important role in Lhe low ecnergy domain.
The one pion exchange between nucleons is a well established fact, bul how the pions
are formed out of quari(s and gluons and exchanged by the nucleons are dynamic ques-
tions to be answered by studying QCD. Judging [rom Lhe long range NN inleraction
and the success of various chiral quark models, quark pion coupling 1nay account for a

significant portion of the underlying process.



The quark-pion coupling has been used in quark model calculations refs.[12,13,
14,15] to study various aspects of the NN interaction, mainly in the framework of
resonating group method. In this paper we present our study of the effects of the
quark one pion exchange (QOPE) mechanism on the NN interaction. The objective
of this study is to investigate the eflects of nucleon substructure, which should go
beyond merely yielding a form factor, and include genuine many body correlations to
the NN interaction. An analytic local NN potential (QOPEP) is derived using the
London-Heitler method [17} and compared with the well established meson potentials
such as the OPEP and the Paris[2] potential. The dynamics of the QOPEP is analyzed.

In section 2) a description of the formalism is presented. The forms of the Hamil-
tonian and the wave function are discussed and the definition of the potential is given.
Section 3) explains the evaluation of various potential terms, all of which are expressed
in closed form due to the particular choice of the harmonic confinement. In section
4), numerical results of the QOPEP for the NN interaction are presented and com-
pared with the meson exchange potentials. Its relationship with the form factors used
in meson exchange potentials is discussed. The many body dynamics of QOPEP is

analyzed. Finally in section 5) conclusions are drawn.

2 The Formalism — Definition of NN Potential

In this calculation, the non-relativistic quark model with a harmonic confining force
is used to describe the quarks in the nucleon. We picture the nucleon as composed
‘of three quarks interacting via the confining force plus some residual forces such as
one gluon exchange or one pion exchange . For a single nucleon with only the con-

fining force the Hamiltonian HS’) can be written as

. 3 3
HP =S ti+4 3 o™ - TGM. (2.1)

i=t i#j=t

where {; are kinetic energies of the quarks, TM is the kinetic energy of the nucleon.

The wave function corresponding to the above Hamiltonian is of the form [16,18]
YN = $eXmumile = PN (e (2.2)

3



where ¢, is the symmetric spatial part, Xm,m, is the totally symmetric spin-isospin

part given by [19,20]

S 1) 1 (I O (O S

(. is the totally antisymmetric color part

(= %Gibq{q{qg- (24)

The NR quark model Hamiltonian H for the NN system is then written in the

following form,

3 ¢
H=H{ + HE + 133 v + VIEE) (2.5)
i=1 j=4

where H‘(f) and H§°’ are the Hamiltonians for single nucleons A and B. The residual

interaction term V(RES) contains all forces other than the confining force,

V(RES Z r:a. (2.6)

The Heitler-London method [17] is ba.sacally a variational approach We construct
the 6—quark wave function ¥ for H by taking the quark model [19,20] wave functlion
for each nucleon and then antisymmetrize all quark pairs l:rom the two clusters. This
wave function is a linear combination of the solutions of the unperturbed (i.c. confining
force only ) system,

¥ = Alq’,‘q’g >, (2.7)

where & 4 p are single nucleon wave functions of eq.(2.2), A is the inlercluster antisym-

metrizer \
3 6 6
A=1=-Y3"P;+ Y Y PuPmn— PuuPrsPss
=1 j=4 k>m=1, [>n=4
= (1 - Y P;,-) (1 - P). (2.8)
i=123,j=458

The operator Pi; = PP F; exchanges two quarks i and j, and P = Py PasPss
interchanges two nucleons. It is secn that the total antisymmetrized 6—quark wave

function satisfies the Pauli principle in both quark and nucleon levels. As will be

4



discussed later, the quark exchange operators in A generate rich structures in the
resulting NNV potential.
The full NN potential from this model is defined as the variational energy minus

the rest masses as in ref. (5].

Vnn = % =2 < WA[HA|P 4 >, (2.9)
In the above definition, we assume that H and ¥ depend upon the quark coordinates
and the center of mass separation R between the two nucleons. The quark coordinates
will be integrated out keeping R fixed. The resulting Viyn is a function of nucleon
center of mass separation R. A nice feature of the Heitler-London method is that the
NN potential terms obtained from different quark—quark forces are additive if one is
consistent in the choice of the unperturbed wave function |¥ >. This property enables

one to study the effects of different quark—quark interaction mechanisms separately.

Following ref.[5], we separate Vjyn into three types of interaction terms,

Wwr=V+V:+ 15 (2.10)
where
1 3 @
Vi =F<¢AWB|ZZU;,'(1—9P33)(I - P)|W . ¥5 >, (2.11)
i=1 j=4
1 3 6
Va= — < ¥, 95| ( S v+ Y u.‘,) (1 -9P)(1 — P)|¥ %5 >
N i#r=1 k#l=4
3
- < ‘I’AI Z v.-,-l\lu >, (2.12)
i#£j=1

1

6
V, = 5 < ¥, p) (Z t; — TSM — Tg“) (1 —9P)(1 — P)|¥.¥5 >

3
—2< WYt —TEM W >, (2.13)

v;; is the quark-quark interaction including the confining force, and N is the normal-

ization function

N =< ¥|¥ >, (2.14)

Of the three terms in Vyn, Vi includes various intercluster interactions and V;

contains intracluster interactions. The term V3 comes from kinetic energy contributions

)



which depend on the form of the nucleon radial wave function and have nothing to do
with the residual quark—quark interaction studied here.
As mentioned earlier, V(RES) ig assumed to include the one pion ez;:hangc com-

ponent. Our purpose here is to study the eflects of this one pion ezchange piece. In

the following we confine ourselves only to the OPE part in V(RES)

vors =14 )f; . (2.15)

where v{?* is the OPEP between quarks i and j,

vl = GijriTi[ol(rij)oia; + v (ri;)S(F:;)]- (2.16)

The tensor operator between two quarks S(#;;) and the constant G;; are defined by

S(Fi;) = Yoi-tij)(ojFij) — oi-oj (2.17)
and . )
e L il 9y= _'_
Gi=Sm— T Ge=EL (2.18)

The pseudoscalar coupling constant g, is related to the pseudovector coupling constant

Jo« by the equivalence theorem

92 1 2
Go=-—— =" 2.19
°T 4x dm?  p? (2.19)

The relationship between quark-pion coupling constants and nucleon-pion coupling
constants will be discussed later in section 4. The radial functions in eq.(2.16) arc

given by e
l L &
v®(r;;) = ?[—lﬂ'i,‘ — 4xb(pr;;)) e (2.20)

and

oro(ry) = B  ew (2.21)

|
3 pri;  (wrii)? " (pry)?
where p is the pion mass. Unlike the one gluon ezchange force, the one pion czchange lorce
has no color dependence. This implies that the contribution from the direct inlerac-

tion term of fig.1a does not vanish. This properly is crucial to produce the long range

OPEP force of the NN interaction, which is observed experimentally. On the other

6



hand, the one gluon ezchange affects only the short range NN interaction because all
contributing terms involve quark exchange between two color singlet nucleons.

In the OPEP for point nucleons the contact term in the spin-spin force v, is usually
iénored by an ad hoc procedure, which basically says that the short range meson
exchange potentials obtained by treating nucleons as point particles are not reliable.
This problem does not exist anymore when ti1e substructure of the nucleon is taken
into account. The role of the contact term in the quark—quark OPEP will be discussed
later.

Since the OPEP is color blind, the color dependence in Vyny comes only from the
exchange operators Py and P. Therefore, the color parts of the matrix elements can

be calculated before the potential terms are considered later on,

< CLAKLBNPI(ANAB) >= 1, < ClANLBIPGIC(ANB) >= 5. (2:22)

After the color part is done, the nucleon wave functions |¥x > in egs.(2.11) and

(2.12) can be replaced by its color independent part, namely

[®n >= |$Xmmi > - (2.23)
Eqgs.(2.11) and (2.12) then become
l 2 2 oTY oTT .
VOPE = & < @405] 1 3 o7 (1 = 3PG)(1 = PT7)[ @45 >, (2.24)

i=1i=4
1 2 -
VzOPE =% < (I’A(DBI% E vT + Z v | (1 = 3PZ=)(1 — P7™)|@ 4% >
idi=1 k£l=4
3
— <& Y vFlda > (2.25)

igy=1t
The reduction of various terms in eqs.(2.24) and(2.25) into analytic NN potential

functions is discussed in section 3.

3 Structure of the QOPEP

The potential given by egs.(2.24) and (2.25) consist of two type of terms, non-quark-

ezchange and quark-ezchange. As will be seen later, the quark-exchange-terms are .
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short ranged while the non—quark—exchange terms have longer range to give the asymp-

totic OPEP. The non—quark-exchange terms are of the form,
e _ 71v' < ®APplvT(1 = P7E)| @45 >, (3.1)
the quark—exchange terms have an extra exchange operator —3P5/*
Vi = £ < ©aRalu(—3PET)(L - PT)@a%s > (3.2)

The term
VA =< @4lvT |04 > (3.3)

represents corrections from the nucleon rest mass.
With the help of eqs.(3.1), (3.2) and(3.3), and using the permutalion symmetries

of &4 and ®p, VOFF and V,°PF can be further simplified to following forms,

VOPE 9v("¢¢) + V(VC) + 4Vl(v¢) + 4V3(4“)1 (3.48.)
VOPE = 4VY + 4V + 6(VS - V). (3.4b)

Each term in the above equations is schematically rcpresented by a diagram in
fig.1. The reader should bear in mind that the diagrams in fig.1 are for classification
of different terms only and do not have the samc mathemalical content as for the
Feynman Diagrams in the field theory. They basically represent the structure of Lthe
matrix elements in the numerators of various terms in eqs.(2.24) and (2.25). The
quark exchange ellect in the normalization function N is not fully reflected by these
diagrams. These diagrams could be misleading, for example, one may think thatl
the term represented by fig.1g cancels out exactly. But it involves the normalizalion
function N in V' and hence quark exchange effects, which play an important rolc
as will be secn later.

Now we find the spin-isospin and radial structures of the eight matrix elements in

eqs.(3.4).



3.1 Spin-Isospin Substitution Rules

The spin-isospin matrix elementsof V,.°PE and V,2PF can be obtained by the well known
techniques of angular momentum recoupling as done in ref.[21]. But the particular
symmetry of the quark model wave function for the nucleon allows some elegant and

simple substitution rules (5] to be applied to this problem. The results given here are
confirmed by both methods.

The essence of the substitution rules is to project the quark spin-isospin degrees of
freedom onto nucleon spin-isospin degrees of freedom. With these rules one can use
the expansion

PG = (14 5m)(1 + o) (3.5)

and manipulate the quark spin isospin operators algebraically to find the corresponding
nucleon operators. These rules are derived by requiring that the spin-isospin matrix
elements are the same when these operators act on quark or nucleon spaces. Their
validity depends upon the spin-isospin wave function of the nucleon being the totally
symmetric quark modcl wave function of eq.(2.3). Table 1 lists all the rules needed for
the present calculation. Proofs for these rules are given in the Appendix.

To illustrate the application of the rules in table 1, we give two examples. First

consider the single nucleon quark spin-isospin operator

3

0,0, = Za:ag. (3.6)
i=1
Using rule 5 one finds that it gives
1 J
=2 (-2)=-1 (3.7)
6 i=1

For operators involving quarks from two nucleons, one has to use the substitution rules
for each nucleon separately. Suppose nucleon A contains quarks (123) and B (456), the

operator

(r,-r4)(a.-04)(1'3-1'5)(0'3-0'5) = Z a';a:','ri'rgaia{;rfrg (3.8)
ig.ab

should be replaced by

1 10 ' 1,10 R
Z g(‘:'l—&ijéub - 2(ijq¢¢br07VTN) X ‘6-(-3—6'-1'6“ - 2"'1."‘5‘0NT;1) ) (3‘9)

iJab.q.rat



according to rule 11. Since

2 €ijeija = 2610. (3.10)

¥

one arrives at a spin-isospin operator on the two nucleons A and B,

%5 + %(1:4'1'3)(%'03)- (3.11)

The presence of the factor } is because rules 5 and 11 involve a summation over all six

possible quark pair combinations.

3.2 Spin-Isospin Structure of QOPEP

Applying the rules in table 1, one obtains the spin-isospin structure for the direct part

(that without the factor —P) of eight matrix elements in egs.(3.4).

nae 125
s T
(Jve)_ng[_l . onl) e : ] Qi 2 _ 50
Vig' = =2 19 3(m 8 + o4-0p) + 81(1:« )(ox-08)| + N (9 543 74 ™) S48 .
. (3.12b)
S B
(doey _ Qua 25 1 o) + e .]_u_'_L.
=515t 27(1:4 ™8 + 0pv08) + 81(1:« 78)(on-om)| + (81+2437‘ T8)SaB ,
(3.12¢)
o QS 1 85 Q7 5
Vi = ‘—&31 [5 + 5(72""8 4+ ox-08) + ﬁ(m-m)(dmon)] + 'ﬁ' 37~ 3237 ™)S48 .
(3.12d)
nge 5
Vl(zd g} _ ﬁsz , (3.12¢)
4 QS 13 205
v = G sy Drem 4 aom) + otmwmllowan)] . (@120
S 5 T
(Jet)_g?é[ Ly . 8 . i ] Qn ! . 5 .
Voo = N 5+ g(m T8 + 0ac0p) + 81(1"‘ 78)(o4-0B)| + N (27 713 ™ T™8)S4B ,
(3.12g)
Vis) =5RY,, - (3.12h)

where R's and Q’s are radial integrals depending only on the distance R bctween two
nucleons. [¥'s are non-quark-exchange and Q’s involve quark-exchange. The radial

integrals will be calculated later in this section and we will also see that V5% = V;,(f").
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The above expressions do not include the nucleon exchange part (signified by op-
erator —P) of the matrix element. But due to the symmetry of the nucleon wave
fuﬁction, the corresponding nucleon exchange counterparts of eqs.(3.12) have the same
spin-isospin structures as the above but multiplied by a phase factor (—1)'*+7 or the

operator

r
- Pip

—3(1 + ou-0m)3(1 + 14°18). (3.13)

The forms of the radial integrals R's and Q’s are in general different with or without
the nucleon exchange. In the case of nucleon exchange the radial integrals are denoted
by R, QS and Q°7, whose evaluation is explained in the next subsection.

One can see from eqs.(3.12) that the simple OPE interaction between quarks is able
to generate an NN potential with richer structure than the simple OPEP for point
nucleons. Central, isoscalar spin-spin and isoscalar tensor terms are present. But
there is no spin—orbit interaction. Most of the terms affect the short range part of the
NN interaction as they involve quark exchange. One observes that eqs.(3.12) always
contain the combination 7415 + 04-05. The consequence of this symmetry and the
absence of the spin orbit interaction is that the radial dependence of singlet-even and

triplet-ecven N N potentials are the same.

3.3 Evaluation of the Radial integrals

There are two types of radial integrals, the direct integrals are those that do not include
the nucleon exchange operator (—P*) but may have a quark exchange operator Pg,
the exchange inlegrals are those that have the nucleon exchange operator (—P*). The

direct integrals are defined as,

R, =< $a(z)$p(z)IGov;™(ri;)|da(z)és(z) >, (3.14a)
Q5 =< bal@)d5(2)] — JCo(rii) Palbala)bn() >, (3.14b)
Ri;Sap =< $4(2)88(2)|Govi™ (ri;)San(ri;)|$a()é5(z) >, (3.14c)

Ql;Sap =< $a(z)¢s(z)| - %Gov:n(rij)SAB(riJ')P;s'¢A(3)¢B(I) >, (3.14d)

11 L



The exchange integrals are defined similarly to the direct integrals but with an extra

nucleon exchange operator — P*,

R =< $a(z)88(2)|Govy™(ri;)(— P*)ba(z)é5(z) >, (3.15a)
:,s =< da(z)¢n(z)| - %Gov:”(f.',')l’;a(—P’)|¢A(z)¢g(:) >, (3.15b)

T Sap =< $a(z)88(2)|Govi™ (ri;)San(ri;)(— P¥)lda(=)¢s(z) >, (3.15¢)
QT Sap =< ¢a(z)és(z)l - %Govf"'("-'j)sw("-';)P:fe(-P’)ld’A(r)tﬁa(x) >, (3.15d)

where Sap(ri;) is the tensor operator with quark coordinates r;; and nucleon spin

operators o4 and op,
Sap(rij) = o ati;)(optij) —oa0s. (3.16)

The quark coordinates r;; in Sap' are transformed into internucleon scparation R
after integration.
Using the radial functions for nucleons A and B [5,16]

o) ( ﬂ,)w e-%ﬁ'[(r.-%R)'+(r,-§R)’+(r,-§R)’]'_' ara)

o _lgl(r st RY +(rsiR) +(reslR)
¢a(x)=(€r—) e [( HR) + (i R) 4 +’R)]. (3.17b)

the radial integrals R's and Q’s can be evaluated straightforwardly and cxpressed
in terms of gaussians and complementary error functions. To simplify notation and
systemize expressions, we define two functions, Fs(z), for central terms, and Fr(z),
for tensor terms. All radial integrals can be expressed in Lerms of these two functions,

with the argument z being /2, /2, or 0. The functional form of Fs(z) is given by

2 3/2
Fs(z) = (ﬂ ) c'%‘ﬂ”/ e'%p’(r""'mvf"(r)d“r

2x
_la!xi [ 2 3\/5]
e 12 p’F(z)-2p0 =K (3.18)

12
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where v?¢(r) is given by eq.(2.20). The first term comes from the Yukawa and the
second term comes from the contact piece of the central potential v, in eq.(2.20). The

function Fr(z) is defined as

2\ 32 1. Lg2¢p2
Fr()Sas(=) = (‘2;) em3'7 [ e I I B () S an(r)dr

where v(®(r) is given by eq.(2.21). For the purposes of calculation, the quantity
vP(r)Sa8(r) can be replaced by

-ur

(04:V)(0B-V) =

— oyopvT(r).
The final form of Fr(z) is given by
Fr(z) = %e'%p”’ [( -t i —)F( )+ —9(=) - \/-_(2193 6”)] (3.19)

In eqs.(3.18) and (3.19), the functions F(z) and g(z) are defined by

3/2 =
F(z)=2(§:) / e-%"’("’-”'z)i;-d“r, (3.20)
—pn? — B2z
o(z) = L e erfo LT (3.21)

F(z) can be expressed in terms of g(z) as

F(z)=g(z) + 9(-=) . | (3.22)

]rf'r

1 e {4 (onz)(om-2) - B (owz)(08-V) + (- V)(ow2)] + (o V)(ew T} F(2)

Functions Fr(z) and Fs(z) arc related by

2\32 s
Sas(z)Fr(z)+oa-08 Fs(z) = (2?) L =’/ -lpyriorz) [(ou

(3.23)
where Sap(x) is Lthe Lensor operator inx
SAB(:!:) = 3(0',4-5:)(0'5-5:) — 0TA0p8.
For simplicily we use the symbol [ to denote the quantity Fs(z = 0)
= Fx(0) = L eBersd L + 20007 - ) (324)
8 /38 = . .
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All radial integrals are expressed in terms of Fs and Fr and listed in table 2.
Before going on to the numerical results, an examination of the behavior of the
functions Fg(z) and Fr(z) can give a feeling of how different terms contribute. As

z — 0, Fr(z) goes to zero as z?,
Fr(z) — const. x z?

The constant can be obtained analytically and expressed in terms of the pion mass g
and nucleon size parameter 8. But the expression is lengthy and not illuminating and

hence not given here. For large z

2 (=gl
F(z) — g(z) — _€ (3.25)
so that
2 2 3 -
Fsa) — & e~ 177 P(z) — £ ets e;’, (3.26)
which goes like.a Yukawa, and
2 2 —pur
Beme™ 3 4 3
Fr(z) — 3 e’ — 1+ (i7) + (“1)2) _ (3.27)

which goes like the tensor part of the OPEP. With the help of cqs.(3.26-3.27) one
can see from table 2 that contributions to the long range central (tensor) part come
from direct terms R® (RT) as expected. Quark exchange termns of direct integrals, Qs
and QT, have an cut-off factor e-%pzm. But nucleon exchange terms R¢5,Q°S and
Q°T have shorter ranges than any direct integrals, duc to cut-off factors like e~#'”’
or e-3R Notice that integrals Q34 and Q23 have longer ranges than other quark
exchange integrals due to the argument R/2 in Fr and Fs.

The normalization N , as in rel. [5], is given by
_!p!RI 5+T _p!n] 3+T _),pznl
N=1-3Csre2 +3Csr(-1)Y""" e — (=1 e " (3.28)

where the spin-isospin dependent constant Cst has the values

7 J1 1
Coo = 9" Ch=-7y Ca=Cp= ~o7 (3.29)
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One can see that N — 1 for large R as expected. But as R — 0 the behavior of N

depends on the NN spin-isospin quantum numbers, namely,

NOESD fer (S.T)=(0) or (1,D), (3.30a)
and
N R | AR for (5,T) = (0,0) (3.308)
RA R for (5,T) = (1,1). '

The R? divergence for singlet—odd and triplet—odd states is due to the antisymmetriza-
tion of the wave function, i.e., the Pauli principle. This divergence of the normalization
function at small R does not lead to a divergence in the NN potential for odd parity
states. In Lthe matrix elements for the odd parity states, the nucleon exchange term

and non nucleon exchange term cancel at emall R to give a 7? behavior.

4 Results and Analysis

In this section we present and analyze the numerical results of the calculations discu;aed
in sections 2 and 3. We first compare QOPEP with the traditional meson exchange
potentials and then look al the delailed dynamics of QOPEP.

There are no frce parameters to adjust in this model, because the quark~pion cou-
pling const-anl for and the nucleon size parameter 8 can all be derived from nucleon
properties. We take $~' = 0.5 fm which is a median value used in most of the
literature[13,12,7]. Since this model is somewhal similar to the chiral bag model pic-
ture, one would expect the value of #~' to be smaller than that in the naive quark
model. But here we are concerned mainly with the general behavior of the QOPEP and
slight variation of § does not alter the main features ol the QOPLEP. Corresponding
to the choice of spatial wave functions for the nucleon in ¢qs.(3.17), the quark pion
coupling constanl f,, can be related to the nucleon pion coupling constant fy, by
examining the asymptotic behavior of the QOPEP and thal of the OPEP for point nu-
cleons. For large R only one term dominatles in QOPEP, namely, VJ(:"") in eq.(3.12a).
With the help of table 2 and eq.(3.26) one finds

9 )
=5 e fi,, (4.1)
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where f%, = 0.082 and p is the pion mass.

4.1 Comparison with meson exchange potentials

Fig.2 shows the total central and tensor potentials calculated from eqs.(3.4a) and (3.4b)
for various NV NV states. The QOPEP is compared with three forms of meson exchange
potentials: 1) OPEP-FF which is OPEP with a monopole form [actor, 2} OPEP-PN
which ia just the pure OPEP for point nucleons, and 3) the Paris potential[2]. As seen
in fig.2, while all the long range results are the same as the well known QPEP-PN, the
short range behavior of the QOPEP exhibits several interesting features.

First, the central potential is repulsive for r < 0.5 fm in all NN states. This is
supportive ol the phenomenological repulsive core used in all meson exchange poten-
tials.

Secondly, the singlet-even (triplet-even) central and the tensor potentials behave
much like an OPEP-FF with a cut—off mass of 700 MeV for r > 1 fm, which is in
line with the use of a soft pion form faclor in meson exchange potentials as proposed
in rel.[4]. Inside | fmn, however, the results are different, which is to be expected
gsince the rich struclure of the quark dynamical model can nol be accounted for by a
simple form faclor. Another interesting feature with the singlel—even (triplet-even)
central potential is Lthal a medium range attraclion ol about 50 McV is produced. This .
medium range attraction in the NN system has tradilionally been altributed to two
pion exchange which is ofien represenied as o meson exchange. In this model we find
such a force as a result of the inclusion ol nucleon substruclure.

Thirdly, strong repulsion is found in singlet-odd and triplect-odd states. On the
other hand OPEP-FF is allractive in these states. In view of the repulsive core used
in meson exchange potentials, we think the short range attraction of the OPEP-FF
is not a desirable [calure. Indced it is quite artificial, as Lhe form [aclor should act
to slightly suppress the OPEP at inlermediate distances bul cannol be expected to
represent the complex physics in the region where nucleons physically overlap. In fact
neither OPEP-PN nor OPEP-FF can give the shorl range repulsion for all NN states,
but QOPEP does. This repulsion may offer an explanalion Lo the N — w coupling in
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the meson exchange models, where it is considered to be too large ~ about twice its
SU(3) value.

It ia also shown in fig.2 that the overall behavior of QOPEP very much resemble
the corresponding components of the Paria potential(2] in the parametrized form for
all NN states.

4.2 Analysis of the dynamics of QOPEP

In order to reveal the delailed dynamics, we look into various terms of eqs.(3.4a) and
(3.4b). Contributions from each individual term (figs.1a-1g) are shown in fig.3.

Conl.ributipns to the short range repulsion mostly come from the quark exchange
terms which can be seen in fig.3a-3c. One also sees from figs.3d and 3e that guark
exchange lerms have little effect on the lensor force and the lotal tensor potential
is delermined by only one non-quark-exchange term Va(;"). This explains why the
tensor force in QOPEP is so much similar to OPEP-FF. There are two reasons for this
suppression of tensor force in quark exchange terms. The first is the cancellation in the
spin—isospin cocllicients which can be seen in eqs.(3.12). The second is the structure
of the radial integrals. The function Fr(/) peaks at aboul 0.8 fm and goes to zero
for z = 0. But cul-ofl factors like e=#'”" drap quickly Lo zero at intermediate ranges,
making the whale integral small in bolh the short and medium ranges. This situation
doesn'l happen in the cenlral terms since the function Fs(z) is finite at £ = 0.

The central singlet-even (triplet—even) potential gets contributions from many
terms, most of which are repulsive. The medium range attraction for singlet-even
and triplel—even states comes from the intracluster term (Vi — V()). This term
is neglected in some calculations{6,13] arguing that it cancels out exactly because it
is a nucleon sell energy term. But this is correct only il the total wave function ¥
. in eq.(2.7) is not antisymmetrized with respect to quark pairs from diflerent clusters.
This requires A = 1 in eqs.(2.8) and (2.7), which would leave out all the short range
dynamics. With total antisymmetrization ol the 6-quark wave funclion, there ts no
ezact cancellafion. Indeed one sees from eqs.(3.12h) and (3.12e) that at long distance

this term cancels out, but at the short distance, the effects of quark exchange from
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different nucleons in the normalization function make a significant contributian to the
interaction process. We also find that the term Vl("‘) represented by fig.ic gives only a
negligible contribution in any state.

One of the reasons for the repulsion in singlet~odd and triplet-odd states is the
R? divergence in the normalization function N for these states, which is due to the
Pauli principle. For these states, QOPEP and OPEP-FF go in opposite directions at
the short range. As mentioned earlier, OPEP-FF may not represent the complicated
dynamics at very short ranges. The main reason for the QOPEP ta be repulsive in
these states is again because of the quark exchange. One can see that quark exchange

is really the key in producing the short range repulsion.

4.3 Origin of the repulsion and effects of the pion size

In NN OPEP the contact term is usually removed by the so called Poorman’s procedure
or smeared oul by use of form factors. That problem does nol arise in this calculalion
since the nucleon is treated as a composite particle. But since we treat the pion as
a point particle, there is a contact term in the quark-quark polential v, of eq.(2.20).
Thereflore Lthe problem of the pion size necds Lo be examined. -

The effects of Lhe contact term in v, and the pion sizc-arc studied in two ways:
1) by ignoring the contact piece in a way similar Lo the Poorman’s procedure in NN
OPEP, and 2) by applying a form factor at the quark-pion vertex. The resulls are
shown in fig.4, where the full QOPEP is compared wilh the no-contact-term and form
factor calculations.

Dramatic changes in the behavior of QOPEP are found. Without the contact piece,
the potentials become very weak and aitractive al the short range. The contact force
basically determines the central part of QOPEP. The importance of the § function term
indicates that in this model the short range repulsion depends heavily on the nucleon
wave function overlap at short distances. The fact that Lhe finite size effects of the
nucleon dominate the NN interaction at short ranges tells us that many body eflects
are large at these ranges. This may explain the need of phenomenoclogical treatments

required in many varialions of meson exchange NN polentials.
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Two types of form factors used to incorporate the pion size are given by

A2 — 2
F(q?) = s D
for the monopole form, and
A‘]
F(¢") = .
@)=y 7ra

for the square root form suggested in refs.[12,13] One can see from fig.4. that the
form factors make the predominant contribution to the repulsion in the resulting NN
potentia.l. Their role is very similar to the contact term in the central QOPEP. But
unlike the contact force which affects the central part only, form factors weaken both
the central and tensor parts. As the cut—off mass increases, the form factor results
approach the contact term results, which is the limiting case for A — oo. This is true
for both the total potentials and individual terms in eqs.(3.4). Therefore the QOPEP
with a point-like pion gives the mazimum repulsion. It is known that w—exchange and
gluon exchange are needed to get the spin-orbit force, which also provide a good part
of the repulsion. The role of the repulsion from quark-pion coupling need be examined
in conjunction with the w and gluon exchanges.

On the other hand, il one takes the short range repulsion as an indication of the
correct dynamics at the quark level, one can conclude from the usual phenomenology
of the core that the quark-pion coupling must be almost point-like. This implies that
the pion has a very small size.

At this point we would like to make a comment on the source of repulsion in the
OGE calculations. The OGE quark-quark potential contains a color Coulomb term

and spin-spin and central contact terms.

Vocs X; - A 4 ;;——i- — &(ri;) — 6(r,,)+so + tlensor] ~  (4.2)

Based on the results of the present calculation, one can conclude that the repulsion in
OGE calculation is also from the contact piece, since at the short range the Yukawa

term in OPE and the Coulomb term in OGE play similar roles.

19



5 Conclusions and discussion

Our study of the eflects of the quark one pion ezchange mechanism on the NN in-
teraction has led to several conclusions. We found that nucleon substructure has im-
portant implications on the NN interaction process. In some cases meson exchange
potentials with soft form factors generate similar dynamics to that given by the multi-
quark system in the subnucleon level. This happened for the singlet-even (triplet-even)
central force and the tensor force in this calculation. For odd parity states the OPEP-
FF gives a very different potential form. Therefore, the use of form factors may not
be sufficient to describe the complex quark dynamics at short ranges. Many body
effects may be responsible for the phenomenological parameters and even some cou-
pling constants in meson exchange models. More investigation is needed to reveal the
quantitative connection between multiquark dynamics and these parameters.

We also found several interesting features of the QOPEP. For all NN states the
QOPEDP is repulsive at the short range, which agrees with the traditional picture of a
repulsive core. The origin of the repulsion is the nucleon wave function overlap and
quark exchanges. The medium range attraction is present in QOPEP, y\.lhich is usually
parametrized in term of ¢ meson exchange. In this quark pion coupling modecl, the
medium range attraction originates [rom exchange of quarks from the two dillerent
nucleons.

‘The qualitative characteristics of QOPEP are found to be very similar to the Paris
meson exchange potential in both central and tensor channels.

Compared with the more sophisticated Resonating Group calculations, this local
potential modecl sacrificed the non-local interaction eﬂ"ect.s for a more transparent view
of the interaction process. Based on the success of the IHeitler-London method in the
prediction of the potentials between two hydrogen atoms{17], we hope the this average
of non-localities does not aflect the main conclusion of this study. One would expect
that the NN interaction is more complex than the exchan‘:ge of a pion by a pair of
quarks. But the present calculation shows that it could be a very important part of

the NN interaction process.
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Appendix: Proofs for Substitution Rules 11-13

The proofs for rules 1-10 are given in ref. [5]. Here we give the proofs for rules 11, 12
and 13. This is done by comparing matrix elements in both quark and nucleon bases.

For rule 11, consider the spin-isospin matrix element in the quark level,
Q=< x,..-.,..;laia‘;';r,‘r;:lx,..,,.., >, (A.1)

where Xm,m, is given by eq.(2.3). The products of singlet and triplet spin isospin parts
w.r.t. the first pair of quarks are usually denoted as p and A components of xa,m,-

Hence eq.(2.3) can be rewritten as

1
Xeame = 75 [n7(mae"(ma) + n¢m.)e? (mo)] (A-2)
where 7 is the spin wave function and ¢ the isospin wave function. The matrix element

Q can then be expressed as
Q = L [< w*(m)loicdln’(m.) >< @ () 3le’ (m.) >
+ < P (m))laiodlnt(m,) >< @ (m))lrfrdle(m) >
+ < pP(miloioiint(m,) >< ¢ (mi)lrf bl (m) >
+ < *(m))oiodln®(m,) >< @ (mplrrile?(m) >| - (A3)

Since spin and isospin wave functions have identical structures, it suffices to discuss

the isospin matrix elements only. Q involves four types of matrix clements
Q1 =< p’(my)|rir3le’(my) >,
Q2 =< P (mi)lri ke’ (ma) >,
Qs =< g*m)lrin3le’(m) >,
Qq =< p*(m)lr 13l (me) > (A4)
To evaluate Q, — Q it is helpful to express ¢ as linear combination of products of

the state of the pair (12) and that of the third quark. Let &, m,, denote the isospin

states (ty3,my2) of the quark pair (12), i.e.,
E0.0 = 7‘-2-(ud - du),

22



§1,-1 = dd,
b0 = J(ud + du),
§10 = uu. (A.5)
Then ¢ can be decomposed as the following .
¢*(3) = Z(lud > —|du >)lu> = §oolu >,
() = FHllud> —|du>)ld> = £oold >,
=t fuudu > +lduu > ~2fuud >) = —=(Erolu > —vEad >),

ludd > +|dud > —2|ddu >) = |d> —v2¢,3u>).  (A.6)

V’x(:zl) = %( 7‘5(&.0

Using these decompositions and the properties of 7{ acting on £i,;,m,; and 73 on u or

d, such as €00 = ;}5(&,_1 —§€1,1) and 7§|u >=|d > etc., one gets

Ql = 0‘
-2
Q2= —3'545.
\/—(615 + 'CnbrrN)v
and
1 .
Qu =0} = —=(bu ~ icuwri). (A7)
Taking inlo account the spin part, one finds for @
1
Q . 6-_1605 ieijqcabrakr;lo (A.S)

The extra factor of 6 in rule 11 comes from the summation over 6 quark pairs.
Rules 12 and 13 can be obtained by simple algebraic manipulations using rules

1-11. For rule 12 one can wrile,

J

Z 0’:.‘0"' U,T T z an m Tn m(aN—a m)v (Ag)
nEm#i=1 n#m=l

and then uses rules 1-11 for the three terms. Similar procedure works for rule 13 but

the algebra is more tedious,
3

Z o:;aj 05 c= Z U"m“m(UN-O’k—-Ut)(TN—T—r) (A.]O)

nEmgl=1 nfm=1

Then rules 1-12 can be applied Lo the nine terms above.
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Table 1. Substitution Rules for Spin-isospin matrix elements. Operators in the left
column are on the quark basis, the right column are the corresponding nucleon oper-
ators. The indices n,m,[ denote quarks, i, j, k and a, b, c label the vector components

of o and T respectively.

operalors on quarks operators on nucleon
3
1) Y1, 3
n=1
3 » -
2) Y on ol
n%l
3) Z T T
il .
4) Y oira SoNTR
_u'i'l
5) Z oial —26;;
6) Y oira ~Zojirh
n#m-l
7) Z ohOhTa 16;Th
nEm=1
#3 == .
8) #Zﬂ oioh T’ - 56 TR
nEm#fi=1
3 - . N .
9) Y. owohot —2(8ijon + S0l + buioky)
n¥m#Al=
#3 #l=1 — : .
10) Z olol ofr? —-'396.-,-0}‘,,1';, + §6jga}vr,'{, + +§6,,.-0’Nr;,
n#m#l:l
11) z oiai Tord D6ij6ab — 2€ijqCabrON TR
nfm=1
3
12) Y. didiorrars, 36.0(56ij0 N — Sinoly — Skioly) — 2e€ijkeabr TR
nim#l=1
. 139(6.','6.50:,Tﬁ, + 6,'),65‘0’;,-7;, + 6&.’6“0%1‘;)
3
13) Z U;Uf“af arb s ~2¢;jk€abe — % [5,51’,%(6.10"” + bxjoy)
nEm#l=t
+6cathi (610 + Siu0N) + EscTh(Bijon + 5-‘va)]
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Table 2. Radial Integrals. The definitions of the integrals are given in section 3.3,

where the functions Fs(z), Fr(z) and Fj are discussed in detail. The coupling constant

Go is given in eq.(2.19).

Direct Integrals

Ezchange Integrals

Ql, =QL=-2Gse” IR p(B)
T =-2Gge -7 p(R)

RS, = R3, = R3, = GoFs(R) R = R = R = ~GoFy e~ 19°F

Ry = R, =GoFo R = R = ~GoFpe~1/F
Central | Q5 = Q5, = -3Goe -3 g Q5 = 1Go e 'R Fs(R)

Q3. =Qh=-3G _lp:mFS(i) :‘sf =Q8 =31Go e F5(%)

2 =—%Goe” 2p’mF s(R) 3 =2G,e"F'F,
T = { - GOFT(.{Z), ie(123) ay.:fi ) | oo o at i)
=0, (17)e(123) or (ij)e(456)

Tensor |QL, =QT, =0 2 =12Go e~#'R' Fr(R)

7 =0Q5 = {Goe " Fr(])

_QcT_o
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FIGURE CAPTIONS
FIG.1. Diagrammatic representation of the seven terms in egs.(3.4a) and (3.4b).

FI1G.2. Total central and tensor potentials for various NV states.
solid line : full QOPEP, dashed line : OPEP for point nucleons, dotted line : OPEP
with a monopole form factors with a cut-off mass of 700 MeV. dash dotted line : the
corresponding components of the Paris polential; where in fig.1b the dash dot dot dot
line is for its (§=0, T=1) configuration.

FIG.3. Contribution from various terms of fig.1 (eqs..(3.4a) and (3.4b)).
Solid line : fig.1a (QVU'),  dotted line : fig.1b (V&9), dashed line : fig.1c (4V{?),
dash dot line : fig.1d,f (4VE), dash dot dot dot line : fig.le (4V]T), long dashed
line : fig.1g [6(Vi&™ — vihl.

FIG.4. Effects of finite pion size.
solid line : full QOPEP, dashed line QOPEP with a square root form factor for
quark-pion vertex with a cut-off mass 1.5 GeV, dash dotted line : QOPEP with a
monopole form f'actor for quark-pion vertex with a cut-off mass 1.5 GeV, dolted line

: QOPEP without the contact terms in v, in cquation (2.20).
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