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Abstract

It has long been believed that meson exchange processes are responsible fo¡ the long

distance part of the nucleon-nucleon (N-N) interaction. IIowever, 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 d.irectly 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 invoived 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 Coupüng 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. lffe examine these results and give a detailed picture of the contributions

arising in each of the spin-isospin channels .

vl



Declaration

Except as stated herein this thesis contains no material which has been accepted for the

award of any other degree or diploma in any University. To the best of my knowledge and

belief, this thesis contains no copy or paraphrase of previous material previously published

or written by any other person, except where due reference is made in the text of this

thesis.

I give consent to this copy of my thesis, when deposited in the University Library,

being ava.ilable for loan and photocopying.

Melinda Swift

vu



Acknowledgements

I would like to firstly thank my supervisor Prof A. W. Thomas without whose encour-

agement and. support I would never have undertaken this work. I would also like to thank

a¡l my colleagues who, over the years contributed to this work, especially Dr K. Ilolinde,

Dr G. Liu for his heþ, collaboration and for supplying me with much of the data for the

plots shown, Dr A. Rawlinson for his proofreading and everyone at the Physics department

too numerous to mention. I would like to especially thank my parents for their love and

support and a very special thanks to my husband John without whom I would never have

made it through, not only with his love and support but also for the diagrams contained

in this thesis.

vrrl



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 [Gel6 ] and Zweig lZwe64l proposed the idea of quarks to simplify the

bookkeeping of elementary particles. Quarks are the fundamental spin I 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 particie physics. Gell-

Mann [Ge16 ] and Zweig lZweïal proposed the existence of the fundamental representation

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

inva¡iant 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 vectorphotons, QCD based on

SU(3), has eight massless gluons which mediate the strong interaction [MaPa78] [Abte73].

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.

L.2 Quantum Chromodynamics

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

fine stucture constant a(Q2) decreases logarithmically. At the one loop level

o(Q') =
4r

( 1.1)
(rt - ln¡)1"(#)

with n¡ the number of quark fl.avours and Â the scale parameter. The proof relies on renor-

malisation group arguments. The weak decrease of the coupling constant at high energy

is the main justiflcation 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
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q-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-Q 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 confrned

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 À2, 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 fl.avouts, the quark

masses seem to be veryJight [Pa75, GaLe] . In fact, with (rn, t-m¿)l2less than 10 MeV,

which is very small compared to typical hadronic masses, QCD has an almost exact chiral

symmetry. That is, in the limit rn¿ : Trtru = 0 there is no interaction which can mlr left-

handed with right-handed fermiens hence the notatiot SU(2)1x 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)¡ 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 Pig 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

g"Q')
4r

oÍo) l'-?,#mffi+"#,"#]
3

t"(Q2)

( 1.2)
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Figure 1,1: Diagrams which contribute to second order i¡ g! to the running coupling constant g"(Q2).

The vi¡tual gluon emitted f¡om a quark see the colour charge of another quark (a), the quark- antiquark

pair (b) and the colour charge of the vi¡tual gluon (c). [Fla82]

where

ogot = 
(g,9)2 

(1.s)t4o

and g! 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 f¡om 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 trilnear coupling of the gauge boson.

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

its main features, namely :

q (02) 4(d)
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. confinement

. asymptotic freedom

¡ 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 q-q interaction

arising from the one gluon exchange is then obtained as an expansion in powers of. v f 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 natutal 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 modei.

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

c( r..6) = s (t28, 
f;) n {nuu, - t, * s (r2t, - f;l n fnuu, }l (1.4)

where

s(12r,!l : "*p{-+[(". - tr' * (,, - *)'* (". - lflt (1.5)

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 [/] = [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]

Ð ir ' \¡u(r;¡)
t11

Í/vqq -

6
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Here i¿ is the vector of generating operators for the SU(3) colour Srorlp operating on the

irä particle with the properties

( À,'À¡ )= (1.7)

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. -f o(ri¡) increases (positively) with distance similar to a harmonic

oscillator. It follows that quarks in synmetric 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 d.istribution within the baryons is revealed and a

remnant of the strong interaction between the constituent quarks emerges as an effective

interaction between baryons.

16
-3
,8ï5

colour antisymmetric pairs [/]c = [11]

colour symmetric pairs [/]" = [2]
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Chapter 2

The rnodel

In this chapter we will discuss the Born-Oppenheimer approximation from the original idea

in Lg27 to how it has been incorporated in modern day models. \Me examine the short range

force and the different potentials used to explain it. Previous work in this area includes

Oka and Yazaki [Oka84], Holinde [I{o184], Faessler et al. [Faes*82, FaFer83, Faes*83]

using One Gluon Exchange, and Fernandez [Fern87] using One Pion Exchange at the

quark level. \Me will consider some of these papers in more detail before advancing to our

own work.

2.L 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

mechan-ics these curves, Fig 2.I, 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 -Hr+'

8
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Figure 2.1: The energy curve for the lowest energy levels of El * a function of internuclear repulsive

energy. Figure taken ftom [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 [S1at63] is put forward below. We start with

" ET 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 fxed distances or increasing

the distance between them very slowly requires an external force acting on them. This

force is equivalent t" üu where E is the energy given in Fig 2.1 in order that the force

times the displacement (#) Oris equal to the inc¡ease in energy dD.

I



If it requires a force "f #. from external sources to hold the nuclei in equilibrium

then in the absence of such an external folce, there is an equal and opposite force -jf;
acting on the nuclei arising from the electrostatics of the system itself. If the¡e is an

attraction between the nuclei as in this case, then it com,es 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 eûergy 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 Schrödinger equation for the nuclear motion. VVe 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 [Heto26].

They used the idea of starting with atomic orbitals in setting up an approximate solution

for the hydrogen molecule. The foilowing description [Stat63] outlines the method proposed

by them. Let A represent a hydrogen ls wave function about atom A and B a hydrogen

ls 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
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suitable linear combinations are the sum and the difference; A(I)B(2) +,4(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

lon of Fig 2.1 while the antisymmetric function indicates repulsion between the atoms,

as in the repulsive curve la, 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 fltted 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 ad.iabatic 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

¡7 - I(p* Ii, ¡V(r,R)

11
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where

K,: *\ul (2.2)

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

(2.3)

the kinetic energy of the nuclei (heavy particles). The elect¡on 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 a¡e 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 calcu-lated under the assumption that the electrons

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

2.2.2 fn 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 Schródinger equation

for fixed positions of the nuclei. The correspondence with the original model is :

o nuclei + collective bag variables

¡ electrons + Iight quarks and massless gluons.

I(n- fl,Du'^,

T2



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 compücated 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 itseH to a simple

treatment of the two centre problem, which the interaction of the two nucleons involves.

The rrodel adopted by Schnitzer [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 stra.ightforward way to the centra,l 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 1L1b77,8a77,, WaSh80, Ho184, Rob81, CvGo83].

There has a,lso been success in using the NRQM to describe the low lying states of the

baryon [DeR*75, Jo*77, CeI77,IsKa78, 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 grolrp 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, rffil+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 includ.ing rest masses for quarks minus the kinetic

energy for the centre of mass motion of the total system

K=DK;-Kc Ki=mi+#
i 2m;

4pe
2mc

p":DF rmc =D*, (2.5)

and m¿rf; are the mass and momentum of the i¿h quark respectively. V is the sum of the

two body interactions, the confinement term V:f"f and the resid.ual termV$e".

v -lV¡
i<j

V¡ -vff"r +vij"' (2.6)

The confinement term represents the non perturbative effects of QCD and is responsible

for confining quarks within colour singlet hadrons. The commonly used form [DeRa75,

Jo*77, CeI77,IsKa78, IsKa79, IsKa79a, OnSch82, Ca*83] for this is

Kc-

vr"¡o"t -(\. À¡)a^rf;¡

Ð^i^;

(n - 7,2)

(À;'À¡) (2.7)

with Àf the a¿h generator of the colour SU(3) group for the itå quark and is normalised

I4



as

(À¿'À¿) D¡r¡i
(2.8)

The colour factor (\.À¡) 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, Caf 83] gives l/res. The tensor term is re-

sponsible for mixing the S and D states but not considered important. The ó-function

piece of the interaction needs to be treated with care, an attractive 6 interaction leads

to instability of the system if higher order effects are fully taken into account. This can

be avoided by introducing finite rarrge 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+801 use the finite range versions. The 6-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 [Oka8a].

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"¿(0) is determined by the expectation values of energy for

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

< (O")', alill(Os),a >

d

16

T

m(n,a)
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3 1l"rn )n.o , \
"'- +*ov + 16 (nza-mN) 

'
(2.e)

(2.10)

where a denotes all the necessary quantum numbers and e is given by

è-ñ -.,- 3 
- 

4a" - 2
ç - 'toq ' Arnobz ,/nu ' gJzlT

L6liaú ünear confinement

24asb2 quadratic confinement .

+

Here l"- is the colour magnetic operator given by

t" =-I(fr.\¡)("¿.oj), (2.11)
i>j

and the colour magnetic part has been expressed by the A - 1Í mass difference by the use

of the relation

M6-Mt¡=#ù Q.r2)

V¿o(0) for the N-N interaction can now be written as

vißro¡ m(6,a) - 2m(3,¡f)- < K,"r )
( I"- )oo *16

16
(M¿, - MN) , (2.13)

1 K,d ) is the average kinetic energy for the relative motion between the two nucleons

which is included in < Jl )o of

(2.t4)

#æ Equation (2.L4) is the basis of the estimate given in the previous

vm(R)=#=-:f*

and is equal to

section.
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The "mass formula" for the MIT bag model is [DeG*75]

m(n,a) =Ê# *Tr" - ff *a.\4." (Mt- Mu) (2.15)

aú.V¿p(O) is given by

v)";(o) m(6,a) - 2m(3,¡f)- < K,.r )
1l"rn )o,o *16

16
(Mt - prtr) -Tt^" + +- q I(,.¡ ) (2.10)

There is no reliable estimate for 1 Kr.¡ ) and it is assumed that the main contribution

to Zs comes from the centre of mass correction and approximately cancels with ( Kr"l )

[DoJo8O, 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 [Oka8a] investigated the short range nuclear force within a model involving

qua,rk 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

IokYa83]:

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

the longer range attraction due to meson exchange?

17



(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"(n)+vt(n)n2sn Q.L7)

and ^912 
is the tensor operator

(2.18)

Each part is chosen so as to (1) simulate the OPE potential at .R > 2f m and, (2) reproduce

experimental data such as scattering phase shifts for R < 2f m. To incorporate the EMEP

into the RGM equation for NN system they introduced the kernel V(R,R") by

(2.1e)

which is added to the hamiltonian kernel.

Npp,(fi.É,)=la,uà(r2r,456)6(ñ-ñ,,",ou.,(;)o,*r,,rrs,45q6(É'-ã,,,,nuu)l

(2.20)

and iVå d.enotes 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 \mq, they take rnq = S = ïL\MeV to have a correct relation

between the momentum and energy. The Gaussian size parameter b is related to the rms

".. 
_ 3(o¿ .r¿¡)(o¡ .r;¡) 

_ @; . o¡)url 
r?¡

18



rno (MeV) b (fm) e.s ø1 (MeV/fm)

I
TI

m

313
313
313

5

6

I

.878

1.517
2.409

234.0
135.3
85.2

Table 2.1: Three sets of the quark model parametets used in the realistic model. Taken from Oka and

Yazaki [Oka8a].

radius of the quark core in the nucleon by

ó = (< ," >N)+ (2.2r)

They show that the quark cluster model gives definite pred.ictions on the baryon baryon

interaction at short distances. Tmportant aspects of the model are the Pau-li principle for

quarks and the colour magnetic 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 conventiona,l models due to the strong non-locality

of the quark exchange interaction.

It is shown that the resonating group method (RCM) 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 Schrödinger 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

Holnde [Ho184] Iooked at the one gluon exchange potentiaì in thc NN interaction using

arr adiabatic or Born-Oppeuheimer approxinration. The possiblc ways in which a gluon

can be exchanged between quarks is sl¡ou'n in Fig 2.2

lol lbl (cl (dl

(el tf) (sl

Figure 2.2: tlte one gluon exchange processes in the NN problem (b) contributes to the nucleon self

energy, (a) vanishes, and the others contribute to the NN i¡teraction energy.

To obtain the potential he starts with a quark gluon interaction lagranglan

Lint = t,s$(t)Àot /{(r)C!)1ø¡ (2.22)

with g the quark-gluon coupling constant,|,(r)the quarkneta, G!')1; = 1..8, p=0,1,2,3)

are the eight (massless) veclor gluon fields, 1p thc Dirac mat¡ices and ¡(;) 1¡g colour

mat,¡ices

A potential bet,ween quarks i and j can be derived n'hich is simila¡ to the Fenni-Breit
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interaction used in QED. This gives

with

and

3

6(r¡¡)o;."i - frfrt,i
;.oi-ttr)]

.9Vocø(

4

ifl = ja"),, 
^, [; r,Li -3#

1I-t 
4rnz

1

("

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

quarks , m is the quark mass, 
" = L(o;* a¡) and. o" = *.

To this he adds the confining term

V."¡(ij) - -À¡ '),¡ar!¡ (2.24)

to give a total inter-quark potential of the form

V (i, j) = Vo cø (i j) + V""" ¡ çt ¡ ¡ (2.25)

\Mithin the Born-Oppenheimer approximation this leads to a NN potential

(2.23)

(2.27)ltþ >= Aló,s,öB >

ôw - ç(Ðx@r)Ç(c)
3

H¿.= D,r+ Ð v(¡¡)-rtr (2.28)
i=L i) j=l

Here ú¿ is the kinetic energy operator for quark i and Tff the center of mass energy of
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cluster A.

Following Holinde we write the potential as

I4vrv=Y,ùru+tznlr+rfr1y

where

Y,ï,v

(2.2e)

+ Yfivv#F,

trACI']V]V 16
Ii
(-

vR* = "î'r#(#)

"'(l-io - l*t @) + |err,'',) -
¡s+t "-Tl"a'¡ ¡ N

1

, cgye-|92R2

(1-

2

"-Lo'n" ¡N {r9., * illtre-Lø'a'

-2d?Te-ip2F¿2 - (-)"+t(d3? 
"-Lp',n" 

+ d,3T - 2d?j%e-Èp',R")e-+p',R"\

v&w = -ro 
{z li,-"(l-iu -

t

*i'*'fcsr *i",'r#
B'R" (I - (-)s+1"-+P'R")l

1*'r't
[3"s2 + dbT + 2d!re-t0"n'l) "-

vf, ï#U, ", "-| 
B' p' 

"sr(r- (-)s+", -tp2 R2 
) I NN (2.30)

where the tl, are the matrix elements of the spin-isospin operators, erf(u) is the error

function.

erf(r) =
2

^ft
= !¡ro,

fo' "-'" 
dt

r
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(2.31)

A few comments can be made concerning the structure of V¡|,y.

(i) The colour-magnetic (spin-spin) term builds up the dominant repulsive contribution in

Vfrry and appears as a smail correction in Vfrry which vanishes at R=0.

(ü) The contributions from the confinement term cancel whereas the total colour Coulomb

term vanishes only at R-0. At R I 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,

Lübeck, Shim.izu [Faest82] denoted FFIS with paramete¡s :

m = 355MeV,, þ-L = .475fm, a = 34.5MeV' fm-2, ds = .97.

The other is given by Oka and Yazaki [Oka8a] with parameters :

m = 300MeV, þ-r = .6lm,a = 62.5MeV' fm-2,,os = 1.39.

The choice of FFLS etrsures that the nucleon mass is a m.inimum. The importance of using

wave functions at variational equilibrium was underlined by tiu [tiu82].

At R=0 the NN interaction due to the colour-magnetic term is the same for both

parameter sets since a"þ3m-2,, which determines the lfA splitting, has the same value.

They also give essentially the same behaviour.

For FFLS, the colour-magnetic contribution to V¡|¡¡ agrees roughly with vector meson

exchange around 1/rn, whereas it is sizeably weaker in odd-parity states. The results for

the OY set is larger than p- and o- exchange in even-parity states. It agrees reasonably

in odd-triplet states and is too small in odd-singiet 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 VSry it improves the FFLS to the

point where there is good agreement with vector meson exchange around R = If m in al.

channels - where the OY result is consistently too large.

In summary Holinde derived the short range part of the NN interaction predicted

r'=2x
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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

o 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 = Ilm FFLS provides reasonable agreement with meson theoretic results,

whereas OY are consistently too large due to the larger size parameter B. 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 rea"listic 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,

FerOsS6] . rffithin this framework they explained the OPE ó procedure (or Poorman's

absorption model). The latter yields a qualitative description of the double spin-fl.ip

helicity amplitude, þ2, 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)(" - r) 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 [AWT83, Theb+80, Theb*8l]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 Yukawa-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

óN = g"go'g'

26
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where rp' is the symmetric spatial wave function for three quarks, go' is the symmetric

spin-isospin wave function and rp" 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 mins5 the energy at infinite separation

of the two clusters, nameþ

with lrl ) the antisymmetric six quark state given by

lrþ >- Aló"þu > (3.3)

where /¿ and @6 are the wave functions for nucleons a, b respectiveþ

II¿ is the internal Hamiltonian of the cluster a,

3

H^ =lt¿ t v(i,i) -ri" (3.4)+
i=1 i,i=L

j>i

with ú¿ being the kinetic energy of quark i andT$* the corresponding center of mass (cm)

energy of cluster a and and similarly for l?5 .

Since each ó"róa is totally antisymmetrised, A is given by

36
A=L-ID¿¡+ t t PrtP^n-P1aP2sP36 (3.5)

i,-7 j=4 tnrk=t:nrl¿l
rn)k n)l

where 4¡ is the exchange operator interchanging quarks i and j. After manipulation (see

Appendix A), (3.5) can be written as

3

63

36
1-tDp,,

i=t j=4
A
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(1-eP36X1-P) (3.6)

with P = P1aP2sPs6 the nucleon exchange operator.

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

< ,þl',þ )= 20 < d"dul(1 - 9P36Xr - P)ló"öu > (3.7)

We use a Born-Oppenheimer cluster approximation where

v(i,j) - v'onÍ (ij) +voPEçtj) +voGEç;¡¡ (3.8)

and the confining term is

V*"rþù - _À¿ .),¡ar!¡ (3.e)

with À;,¡ the Gell-Mann matrices, o the colour constant and r¿¡ the d.istance between the

quarks i and j . The One Gluon Exchange (OGE) Potential as used by Holinde [Ho18a]

ls

yoGE (ii) = åo"^, ^, l+ 
L¿L¡ -'r#ot n,l"¿.oi - #fr,,, .,u,

.#+(,, ",-'rtt ")] (3.10)

where /¿¡ is the relative angular momentum operator, s¿j = à(o; * o¡), rn is the quark

mass and a" = 92 f 4r. We write the One Pion Exchange (OPE) Potential in momentum

space as

vor, (¿j) = nolUr- . ,i [ ! 
-L-t-t 

; i''¡-'! 
"tq'(r¿-r¡) , (8.11)rni 't I 1zo¡" q2 + rn?

wifh flon the pion-quark-quark coupling constant an.d rnn 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 [Ho184, ElHol84, ElHol84a, OkaSa]. The work done

for the One Pion Exchange Potential was also d-iscussed, 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 :

v&frr(¿¡) =< ô^þvlvort(¿Ðló"öo, G.r2)

Following the formalism of Holinde [Hot8 ] we can rewrite (3.12) in terms of (3.2) and

separate as

vflfr" =Vt*VzlVz (3.13)

with

(3.14)
136

v' = i < ô"óvlf 
rÐ 

oii(1 - eP36X1 - P) ö"óa >

6

Vz- 1

¡ < QaQr

Vs = j.O^Oo

1

t
3

u¿i* D ukI (1- eP36Xr - P)ló"ó:b>
h{l=4

-2<ó"1 Ð o,¡lö",
ilj=L

(3.15)

; (å t¿ - rfM - r€*) (1 - eP36X r - P)tö^óa >

6

-2 < óulDr - rf *lô" > (3.16)
i-7

where N is the normalisation and is given by (3.7)

V1 is the main contributing term, describing the interaction between the clusters. V2

is the non-negligible cor¡ection term which takes the difference of the potential inside the

six quark system compared with two separate three quark systems ( ie the nucleons at

29



infinite separation). V3 is the kinetic energy term which is the same for gluonic and pionic

calculations and is given by Holinde [Hol8a].

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
Term

Pion Exchanged
Between Quarks

Quark Exchange
Between Nucleons

(a) uiT"

,il"
deuát

oe
uôs

,18

,13

,1;

(b)

(c)

( d )

(")

(f)

(s)

3and6

1and2

3and6

2and5

2and6

2and3

I and2

no

ûo

yes

yes

yes

yes

yes

Table 3.1: Table listing the properties of the diagrams given i:r Fig.3.1

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

,t)s .

The potentials are divided into two main parts, quark exchange use and non quark
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(ol (bt (c) tdt

lel tft (sl

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

exchange o¿Qe terms. The potentials Vr and V2 can now be written in terms of the

individual quark potentials

vt = ga*,") * ráå') *  u,ou") + Aat:;)

vr=+r\T") +4at:;) +ø@\\0") -,Í;))

The numerical coefrcients come from counting the number of topologically equivalent

diagrams.

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

|r

(3.17)

(3.18)

9
1

e

I
4

))

))

lp"
t-7
fp'l-terp

3

rp Ð(" -
d=1

whe¡e R as shown in Fig 3.2 is the fixed distance between the origins of the two harmonic
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R

7

Figure 3.2: schematic öagram of the two nucleons at R separation

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

nucleon length constant related to the root mean square radius by

þ-r - b -< r1,." >à (3.1e)

We can now write the potentials in terms of mat¡ix elements. Writing them individually

gives

< ö"óvlvoPø1ao¡1r - P)ló"óv >
< d"dul(l - ePíi"')(I - P)lö"óa >

< ó"óulvoPø1tz¡1t - P)ló"óv >
< d"dul(i - sPíi,.)(l - P)ld"du >

-9
< óuótlVoPE (36)Píi'"(1 - P)ló"óu >

< d"dul(1 - 9Pü'")(1 - P)ld.óu >

< ó^ótlVoPE (25)Píi'"Q - P)ld"d¡ >

R

1

noe
3sd

noeati

oe
uáe

oeuis
< d"dul(l- 9Píí""X1 - P)ld"du >

ß
ß

-9
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oeait

deaiz -9
< ó"óalvoPE 23 1- P)ld"d¡ >

< ó"ót L - 9Píioc)(l- P)ld"du >

,t)t < ó^lvo"(L2)ló"> (3.20)

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

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

-!. I !r-, < (çi"ç'^çZ) (ç{çqaçi,) l"i 'n"lff"zq'(rs-r6)

otQê 
- 

o
"t2

oe
aza

Pi{"(r - P""")l(p"""ç'"ç"") (ç{ç"vçi) >

The contributions from the colour terms are :

(3.21)

(3.22)

The term Po" will give an overall phase factor of (-¡s+r 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

< ç"^çilPfuolç"^çit= I
3

< ViçilP'lç""çi )= 1

úâ = - * I # *+ *_ < ç'uçile'q'('s-'o)på(1 - (-¡(s+r ) p\lç,^çi,
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< ç"{ç{lis.í6'õs. qõe. qPülp"{ç{ > (3.23)

where the radial matrix element is

,36(nee) =< ç?^çllere 
.(rs-ro)pru(f 

- 1-¡{s+\ p\lvîçpa > (3.24)

and the spin-isospin matrix element is

7¡se(noe)çþ(ø)ó(r)) -< p"{çilia .i6ds .Qda.qpíile"{e{ > (s.25)

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

final form ofthe quark- pion potentials.
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Chapter 4

The Matrix Elernents

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 tensor 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 explicitiy.

4.L Spin-fsospin Matrix Elements

There are two methods by which rve can evaluate the spin-isospin matrix elements. The

first is the method used by Ho[nde [HolSa] 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 ru-les 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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[WaSh8O]. 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

u çO 1o¡O (r)) = < pi" ç{ lO (")O (r)lç"{ ç"d >

where Ó(a¡ is the spin operator, and Ó(r) is the isospin operator, andlg"{9{ ) can be

treated as a six quark state of total spin (S) and isospin (T). The wavefunctions g[7 and

gff represent nucleons a and b, namely two three quark states with total spin I and total

isospin ,r. The structure of the three quark states which have mixed symmetry in both

spin and isospin but are totally symmetric overall :

1
(4.2),^af 

-Ya rt lx"s G) x"s G) + x"AG) x"AG)l

where

(4.1)

(4.3)

xs = l(1 +)i >

x.4 = l(0 +)+ >

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

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

lç"{ç"d;sMrMr >= å t l(tÐt(rÐi;sM > l(t})t(r'Ðt;rMr > (4.4)
TI'

where the /'s are the sum of thefirst twoquarks,M the projection of the spin andMT the

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

utiçoço¡oçr¡¡ 1 f < (¿rå)å(/i )¡;salo(o)lQ)i('i)+;s¡ut >
- It,hl,t

x < (h å)å( t'r*)î; r Mrlo(r)l(t4)à(t' *)î;r Mr >

i, r rD* r,g 
g r ¡ t i¡,6 (t t I I t \) (4.5)

,flçtt'trti¡ is the spin matrix element ana r¡fl(tt't1ll) is the isospin matrix element

4.2 Spin-Isospin Operators

We now consider the operators Ó("¡ ana Ó(ø) . In the fo¡malism being used here we have

for the isospin operator

Oçr¡ - r;.r¡ (4.6)

and for the spin operator

Oç"7 = d¡ .i õ¡ . í (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 evaJ.uate. With the spin case, however,

it needs first to be manipulated to factor out the spin dependent term.

Consider equation (4.2). From deShalit & Talmi page 521 [DeshTaJ] we have the formula

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

(r(rl . ¡¡(x)¡ : e)k,EF + t¡r(ß) x U(È)13,
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where

[?Àr x Tk ]Í", = Ð cÍlÍ,,*" r*i r* , (4.e)

(4.t2)

(4.13)

(4.14)

ntn2

aú, Cf,\ftr"fi"" is a Clebsch-Gordon coefficient. Substituting (4.8) into the right hand side

(RHS) of (4.7)

d¿.í õ¡ .í = (-)"/Jta; x q13 (-)t/5 ldi x q]3

= B [ã¿ x q]3 [õ¡ x q]3

= 3ltdcxq]Bxta¡"ql8]l

s f1z.r + 1)å fld; x a,1x x tø* q1à]l
\m

(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

(4.11)

Now concentrate on just the q-x q-term. Using equation 5.1.4 of Edmonds [8d57], namely

%rn (i)* !m(Ð
,1

)'"^G)q
4r
T

with the h^(q) a spherical harmonic. Substituting this into [flx q]] gives

lix dL= q' D +'ñtrm2

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

lYt^,(Q) xYt*,(f)là .

F, ̂,T 
n' 

" 
h,r,L h ^, 

(q) Yt * 
" 

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

!¡,nr(r)!y^r(r): t ck,'Å,lctlzlrh+tz-I!t^(r). (4.15)
kn

Rewriting this in terms of fi-(f) gives

Yr^rçt¡Ytr^"(î) - t
I
2

c'Å,*"A cþk¿ Yt^(î) , (4.16)
lm

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

1
2

!
2

cL,L"tr'c¿åà'Y¡u(,í) . (4.t7)
rn1m2À'¡,t,

Converting the Clebsch-Gordon coefrcients in (a.17) into 3-j synbols using the relation

t !ø"c1,!^,àl*åfu]

ctà,tajh"= (-)-,"ù3(2j, + r¡å ( )
17 J2 x3

Tnl Tn2 Ìns
(4.18)

gives, after some 6anipulation

¿llqxq; t
m1rn2\'

t/+n q2 (-)--(2À + 1)å ( )r-l-'tr^' + t¡i
11)

'Ìmt'ÌT¿2 rn
þ (2^t + L)

X

t ,/+" q'(-)^+t'(2^+ r)å12,1'a 11å )

(1,l,l)r-)o(2À'- 
')å 

(:: ;)

('^,'^"^:)(::l)

Yx'r(Q)

(:,
1À

rm2 ,n
rn1rn2\t ¡t,

X Y¡,uø) (4.1e)
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From [Ed57, eqn 3.7.8] we have the relationship

Using this in (4.19) gives

líx dh = JG r'( ) Yx^k) ,

tit iz isl', th rz r.{ r
_Ð (-, ^,,n")(^,-, ^r) = (2i"+ 1)-1ó(iåi3) 6(m!sm3)6(itizis) - (4.20)
rnlm2

Íix dL = \/G q'e)''"(2^+ 1X2À + 1)-t ( ) Y¡,(Ðá(11À) . (4.2r)
11À

o00

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

find that (4.13) reduces to

which we substitute into (4.11) to give

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

4.2.1 Scalar Spin-Isospin Matrix Element

For À : 0, (4.23) reduces to

1(d¿'îõ¡'4l.r=o q'oi'oj

õ¿.F¡.d= I J+oq2(zs+ 1)å (1 I l) l,* x d¡)L* r^-(a)]: .

\m

11À

000 (4.22)

(4.23)

(4.24)
3

'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 u![ from equation (3.23). In this

case the on-ly spin dependent part of the operator is d¿ ' di. Going back to the expression
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used for the spin isospin matrix element in (a.5) we find :

¡4 ; i 
çO (o) O( r ) ) : < ç"{ ç"d l¡; - í¡ õ ; - d ¡9 Pi{ 1e""" ei > (4.25)

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

the isospin operator r-,1 .r] this will give us, up to a constant factor

with

(4.26)

rß(Utllt) =

r:i(utu') =

< (t+)i(t''")|; SMIõ¿.d jPi6l(hi)*(t'tÐi SM >

< (t i) lQ' i) + ; r urlñ . ij Pi6l(Iú)Ë(tiÐt ; r Mr >

q3s6çtnrti¡ = t 2l(2tn45+ 1x2/36 + 1)lå

\ ll lp+s

+ L, leo

111
tir

x < (tt)|(t'i);; Stut¡a". õoPíal(Irtl)t945(+l)ts6i SM > (4.2e)

7a; i @ @) o( 
" 

) ) = i,r 
rDrr,ß 

çu' trti¡,t'4 g r ¡q¡

(4.27)

As both the spin and isospin have the same sttucture only one equation of (a.27) needs to

be solved. As an example the term q3s6(U'Iill) for diagram (c) of Fig 3.1will be calculated

below. We have

,fs6çu'trt1¡ =< (r+)I,(t'¡)t"; s a1a, . õopía p" l(t'+)+(r'r+)à; s a > (4.28)

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

yields :

lrzls,lse
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Mi!"* Spin-Isospin Operators

M"u(fr) î [ir - trî,. "*lrru.rþ - *(t - #,a '*lan, 
.aþ]

M25(q") 3å [f 
r t 

"uafr'41rfr''rR, 
+ t(r + iæ''*)dfr dþ]

u!6{¡'t 3# ff 
r + #"i .'*lrî,.rR,+ #(r + iftn.'*)dft,.dþ]

ufr1"t 3# [f r + #'i'"*)rt,'rR,+ #(r + iftn '*)dfr.dþ]

lrt"94 å [tr + *æ"*ft "*lri, 
.rþ + *É(r + Tr.r&.'*)dfr, .dþ]

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

If we let ù . õ6P16 act to the right and then recouple we find :

2

q3flu'ttt't¡ = t 4(2lp4u¡t)(2¿so+1)(-¡t'o+tiz(-)rsa+r -1¡
lrzls,Iso

/1

I
2

I
2

l\ Itzss

I Isa

,1 1
2L

(4.30)

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

a36çoço¡oçr7¡
1

4 t r¡3f (tt' trt|)rtf (u' Iltl) (4.31)
I,l"lr,l,r
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Mi!.* Spin-Isospin Operators

¡¡36(nqe)rut scal #n. '*ai, 
.aþ

M::iI å [f r + åæ.*lr1 .rþ + å(r + iæ.'*)dfr.dþ]

M::), 5

M!2{¡') 5

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

where

n3s6(u'Il\) t 4(2tp4s+ 1X2r36 * 1)(-¡tae+1(21-¡t'.*' - t,
Irzcs,Ise

qfiqçtt'trt't¡ = Ð+(zptrns * L)(2p,"u* 1)(-¡r'so+1(21-¡rj**' - t¡

2

\ Itr Itzqs

Iso

1

Ptzss

þza

1

I
2

1

I,

I

ltL

L
2

.!
2

1

t
2

L
2

o

pt215,p36

(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 4.7,4.2.
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4.2.2 Tensor Spin-Isospin Matrix Element

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

(4.23)

@;.iõ¡ .ûx-, =D,/4,t qr\f751õ; x õ¡12 .yz^(Ð (4.8s)

our spin-isospin matrix element oo* i""o-",

ui¿*"çoço)o('))

=< p"^" p{ li¿ . í¡l ^/ 
+" Oz ,llru, x õ¡l^ 'Yz^(q)(r - gPíÐlçî'pi >

rn

(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. \Me 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 Pfi included.

We know that

^/5

'/24"
(4.35)lõ; x õ¡12 .Yz^(Q) = s;¡(Q) ,

and substituting this into equation (4.33) gives us the relationship

(4.36)

which we will later be able to relate to the nucleon tensor operator S"u(,î)

We can now calculate the matrix element Uj¿*rçOço¡O(r)) for the quark exchange case.

M;r.^"(O(o)Ó(r)) =< eI"ç{lí¡.í¡ It¿ x õ¡13^.yz^(q)pí{lçî"ç"d > Ø.sT)
'ITL
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Using the rule from Warke and Shanker [WaSh8O] we can separate the spin and isospin

components, as was done for the sca,lar case. This gives us an isospin term which is the

same as for the sca,lar case and leaving the spin tetm Ts(ll'l1/l) to be evaluated.

ot
1 Ð < (t+)+(t't)+; s MlÍõi x õ¡ll, 'Yz^(q)Píal(¿'å)*(¿íå) à; S ¡¡,7 ,

Iltl1t\vn

x < (rå )å (l' Ði; r Mrli; . fj Pi6l(I'Ð i(t\Ð i; r M7 ),

( o¡o(r))

4

: l,Fur'ß Qr ht',¡'t¡ gr 4ti¡' (a:38)

(4.3e)

We now concentrate on the spin term

,¡tçtr¡ti¡ < (t+)i(t'Ðà; s MlÐlû x õ¡l!^ .Yz^(Q)Píel(¿rå)å(¿íå) *; su ,
fn

Dyr^(q) < (t +) i(I' à) ; ; s u 1¡a ¿ x õ jl2^p{6',(hÐ à (tlÐ à i s M >
m

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

operate to the right with Pfu . This gives

I1 Irzss

rt'i(II'|il'..) t Yz^(Q)21(2trrn + 1X2¿36 + 1)lå lza
tn rl1245 rI36

q

1¡

111
,,I

x < (t|)¡(t' )|; s Mllõ; x õjl:^pí61(tl,)lr,45(+!)þ6; s M >, (4.40)

and after operating to the right with Pfu we get,
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rtT't+l = t yz^(q)21(2rrrn +1X2¿36+1)lå
mrI1215rI36

x < (¿+)å (¿' )|; S M llö; x õjl\l(Irti)trz¿s(

\ ll lr,cs

L, i lso

M22

TÐIæ S M >

(-)t'u+t

(4.4r)

After recoupling this takes the form :

q"å (r'ul) t v2*Q)2(2lu+s* 1X2¿36 + 1X(2) + 1)(2rc + 1)lå1-¡t.'+t
m,11245,\6,\t<

\ lt.'

.1 t22X

l.r.cs

lza

1

36

17 ll ltz+s

à+ feo

ÀK1

l7 ll l1g.cs

t+ /so

Àrc 1

11
22

x < (t+)+(t')i;sa1¡a¿x õj):^l(hi)À(/i|)rc; sM > (4.42)

Using the Wigner-Eckart theo¡em [8d57, 5.4.1] to reduce the matrix element in (a.a2)

grves,

,¡tçtr6ti¡ - I Yz^(Q)2(24r,45+ 1x2¿36+ 1)[(2À+1)(2rc+ 1)]å
mrIT2qgrl3grÀn

\ ll l::ss

1

(r

.{

X<

11,tro (-)rse+r1-¡ t-'( )
S2S

-MnM

+L
Ði(t'Ði;s ll tac x õ¡l?" ll (¿1å)À(/îå)";5 > (4.43)

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

,#çtrhti¡ = t Yz^(Q)2(2tpa5+ 1x2¡36+1)[(2À+ 1)(2rc+1)]å
mrl1245rlg6rÀæ

\ t\ lr"¿s 1l22
ltt,X

t122

Ige

1

\ I'L ltzss

,, lso

lK1

),1¡fr t * 1)( - ¡rse+1 ( - )s-M

.\n

11

^9

s

2

-(
s2s

-MmM

x < (¿å)ållã;ll(¡rå)r >< (/å)ålld¡ll(t'$n > . (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

5"¡(,î) =Yz^(a).[d" x õa]?^ . (4.45)

The matrix element for the nucleon case is then

r1n çu'trt1¡ = < (r+)+(t',+)i; s Mly2^(4) . [ã. x õd:^l(ht)*(tiÐ*; s M >

: DY2*(q) < (t+)*(t+)i;sMllõ"x dulål(lrå)å(tíå)å; sM > (4.46)
ltz

Using the'Wigner-Eckart theorem [Ed57, 5.a.1] this becomes

,¡N 1tr 4t'r¡ = DYr^(qX - )"-- ( )
s2s

-MmMfn

x < (/å)+(t')|;slllõ"x õù?^ll(tÉ)i\\Ði;s > . (4.47)
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From deShalit & Talmi [DeshTal, page 522] this can be written as

,¡Nçnrti¡ = DYr^(q)(-)"--( ).Æ1rt * t¡
m

rn

t1245,136 ,À,r

s2s
-MmM

s2s
-MmM

\ q hz+s

++ Iea

ÀK1

112

tlc,tù
11C
,,'J

Substituting the results

leads to

x < (¿å)+lld"ll(¿'å)å >< (rå)ållaull(¿iå)å > .

< (t+)+;.tllõall(,1å) \; s >= J6

< (I'Ðî;slläull(t\Ði;s >- J6

11

(4.48)

(4.4e)

(4.50)

-1

1122 .t

^t

2

rtN = 6ÐYr^(q)(-)"-'' ( )^/s(zs + t) !122

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

Rewriting equation (4.48) gives us

qggr\ti¡ Ð 2(Zlnas+ 1x2ts6+ 1X(2À *r)(2n+ 1)lå1-¡t"+t

X

11

1122

1122

1122

11

\4 I.r,qs

jso

1

ÀK

11 11

s

s

2

^9

.t

2

"å 
. UÐ+llõ,ll(lrå)å >< (t'Ðà;slldjll(¿íå) i;s s 5"u(4) (4.51)
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where for ,S = 1 :

1
2

1

1

1

g

1

1
2

1

.t

.t

2

(4.52)

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;!^" Tensor Spin-Isospin Operators

ilfa(*q'¡ #n. '*s"o(å)

Mr3!k..l å (r - #*.'*) s"o1e¡

Ml!{ø") # (t + ãæ.4) s"o1n¡

M!!{e') t (t - å¡ft æ) s"u(A)

Mfffø'l # (t - å'f '*) ^e"u(¿)

Table 4.3: The solutions to the spin-isospin matrix elements for the tensor ca-se in terms of nucleon

operators.

49



4.3 The Radial Term

Going back to equation (3.20) we find that the radial matrix element is of the form

i'Å =. p'^ç"aleiq'(':-'¡) Pia(I- (-)(s+") P)lç'^p'v > (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

¡rti!"^(R) = I d"q q2

@s q2 + *2*
q'Å (4.54)

The tensor term will be of the form

(4.55)

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. \Me

calculate the scalar term first, and obtain the radia.l matrix element from Table 4.4

Mi!^"(R) = I ffiF{æ.,fÅs ̂ ak)

u!lîí")ra) = I d"q q2

(2T)z qz + m2"
nff

I dlq q2 -ry "-# g _ e;t.ne-ÉF¡I 6ry q2 + rn2*e
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Table 4.4: The radial mat¡ix elements for all the ca,ses, ie. quark and. non quark exchange terms.

¿3o(qe) _ ¡36(qe) (4.56)

TIH Radial Matrix Element

nf,o(e") "-¿# "-# g- (-¡(s+r¡ "¡o'ne-$)

,fu(0") "-4 "-!o ç",0'^- (-)(s+r¡ "-ÊF)

q%(q") "-4 "-r# "#(1- q-¡ts+Ðe-ÊF)

f{ø") "-Ê# "-# "'*(t - 1-¡ts+\e-Ê+)

,t](ø') "-ry "-#(r - 1-¡ts+Te-É#)

,36(nee) "-rÈ ç"r0.^- (-)(s+r¡ "-ÊF)

,w(nte\
"2e 2Þz (1- (-)g+\"-Ê{t,

with

436(qe)
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¡Bo(qe) = I ##""-4;# ",0.^

= "-# I å{F#-r# Io'" 
or 

l:,d(cos0)eia*Co"0

= +n"-Ê# 4çn7 .

Here

/"(¿) = I &4ffi*"-# iokr),

and ¡s(q^R) is the 0'ä order spherical Bessel function

where

and

For the sca,lar case, this leads to

Now consider the tensot case

F=1ffitfi*."-* (4.58)

(4.5e)

(4.60)

(4.61)jo(q&) =

a#fùp) - +n"-# @ - e-ryl"(A)) . (4.62)

¡rti!l:")@) = I dsq q2

(2o)s q' t m7 ?ff^t"b(,î)

= t Æ-!-- ."-4;!ø ç, - ";a'n"-4)yz^(q) 
.lo-^x oayl (2r)3 q2 + m+
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= ¡36(qe) - 336(qe) (4.63)

(4.64)

(4.65)

(4.66)

(4.67)

with

¡r6(qe\ = e-ry I #ffi" lp vr^(q) . lo-a x of,l2

= "-# Ie+n#æ1,'"0, Ild(cos(ri))

rÆ,, cos2(4) - r) . [oã x où]?^

0

and

trÌom [[Ed57] 5.8.31 we have

gives

eio'P - +"Ð Ð ,, ¡(qa)Yr^(it)Yhq) .

pa6(qe) =: "-4 I #rFh""-!F r,o'rt 
^(û) 

. lo-, x o\12 .

ooI

I-O m=-I

Substituting this into (4.65) and using

I

p36(qe) - -+o "- 
Ê# 

I #-")"û F%_"- 
# ¡"ço^)yr^(Ê). [øi x 

"r]:^ 
. (4.68)

dqYthk)Yr^(4) = 1,
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The final solution, for the tensor case, is then

ulfl:") @¡ = 4o 
"- 

44 (Ã).rab( ^B) (4.6e)

where

/r(À)- I&f #.iz(qu) (4.20)

and, j2(qL) is the 2d otdet spherical Bessel function

iz(qr)= (#-å) si,n(qr)-&*"(qR). (4.T1)

From this it can be seen that only those terms which include a factor of eic'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 d,iagrams from Fig 3.1.

This gives us for our solutions

o36(nqe) = - fu# lu"ut:*) 
g,(,?) - e)6+q e=!Ê 

R'z 

n + Mi:*o"l¡,(¿)]

¡2
J rqq

3*"* ff O -1-¡(s+Ð"- 
ÊF p a"r7*t

,(") - -Í?oq qolrmþ)
3*7

,36(qe) = -h#"-Ê+ l*?Î!lurr- (-)(s+?) "-É#/"(A))

- Ml6k 4 r-¡; +r) 
"- 

P2 -n" /r(¿) )]

nqe2ul
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,,25(qe) - _
r2

J ¡qq

{ml, #"-ry lr?!Jl4fr"(a) - 1-¡(s+r)"-4 E+ ailjl"tnfnlf

,26(qe) = - fu# "- 
ry( 1 - ( - )(s+ Ð e- ry ) lu!"r1o, "( *) + M?:::., r,(Ðl

o23(qc) = - #f# "- 
4( 1 - ( - ) 

(s+ Ð 
"- 

ry ) lailf ù, 
"fÐ + M,':þo ¡,( * )]

,12(qe) = -h#,Y ur\f")r(r - (-¡(s+rlr-o'?u¡2, (4.72)

with N the overlap integral < ,þlrþ > of (3.2):

.lV = 1 - lMffi¡e-# +SM:#re)(s+r¡"'Ê{ - (-¡(s+r¡ "-s12.n2 (4.73)

In Appendix D we have taken the quark potential o26(qe) 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 frqq and

the nucleon size parameter B. However, these can be derived from nucleon properties and

cannot be varied a great deal. We will look at the effect varying B has on the QOPEP.

\Me will then examine closely the breakdown of the QOPEP and the contributions from

all the terms involved. \Me will then compare the QOPEP with other models, including

the OGEP, as calculated by Ho[nde [Hol8a] and desc¡ibed in chapter 2.

5.1 Parameters B and fooo

We have shown earlier in (3.19) how the nucLeon size parameter B relates to the root mean

square radius of the bag. This will then limit the range of values fhat B can assume. For our

ca,lculations we have used B-1 = 0.5fm, the median value used in most of the literature,

[Bro79, AWT83, FaFer83, Faes*83, Brä85, Fern87, Brä90] . The effect of varying B 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 radü. 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 4070 variation
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from the mean maximum value. This is consistent in both Fig 5.1 and Fig 5.2. Since this

modei is somewhat similar to the chiral bag model picture, we would expect the value of

þ-L to be smaller than that used in the naive quark model. IIowever, here we are more

concerned with the general behaviour of the QOPEP and a slight va¡iation of B 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 Írqq cal;- be related to the nucleon-pion coupling constant

frNN 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 u![", given by (4.72).

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

(5.1)

where f?¡,ru = 0.082 and mn 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 (a.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 mias¡ degree in the tensor channels and that it is the non quark

exchange term ufiuq" which gives the butk of the potential. This gives rise to the simil¿¡¡¡t

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 coeff.cients and the structure of the radial

integrals. The function 1¿",,"(.8) peaks around 0.8fm and goes to zero for R=0. Cut-off

O -ñ2*
flno = ú"ffi Ê**,
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factors ltke e-0"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 /"""¡(ft) is finite at R=0.

The central singlet-even (triplet-even) potential gets contributions from many terms,

most of which are repulsive. The medium ratrge att¡action for the singlet-even and triplet-

even states comes from the intracluster term (oil" - u"). This term is neglected in some

calculations [Hol84, FaFer83, Faes*83, Brä85, Brä90, 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 ry' from (3.3) is not antisymmetrized with respect

to quark pairs from different clusters. This requires A=1 in (3.5), whicü 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 (a.73) makes a significant contribution to the interaction process.

We also find that the term u!! (represented by the d-iagram (d) i" 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 ,82

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) . AJso on the same plots are th¡ee 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 ail 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 potentiai is repulsive for r ( 0.5Jm in all NN

states. This is supportive of the phenomenoiogical repulsive core used in all meson ex-

change potentials. Also, the singlet-even (tripiet-even) central and the tensor potentials

behave üke an OPEP-FF with a cut-off mass of 700 MeV which agrees with the proposal

by [Det91, 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-of 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 aJso 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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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.

I{owever, 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 6 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 :

F(q') =
Ìv' - *7
q2+L2

(5.2)

for the Bonn [Ma*87] monopole form and

F(qt) =
L2

q2+L2
(5.3)

for the square root form suggested by [FaPer83, Faesf83, Brä90, Brä85, Fern87, FerOsS6].

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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slze

central QOPEP. Unlike the contact force which affects the central part only, form factors

weaken both the central and tenso¡ parts. As the cut-off mass increases, the form factor

rèsults approach the results of the contact term which is the limiting case for À * oo. 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 elmost point-like. This implies that the pion has a very small

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 [Ho18a] and explained

in detail in Chapter 2. The two parameter sets used are those given by Fernandez, Faessler,

Lübick and Shimizu (FFIS) [Faes*83] and Oka and Yazaki (OY) [Oka8a]. The parameter

sets are given below.

r FFLS ? m,:355MeV, P-L - .475fm, a = 34.5MeV . fm, a" = .97

o OY i- rn = 300MeV, þ-r = .6fm, a = 62.5MeV .fm, as = 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. ln 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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Chapter 6

Concluslons

There is still a great deal to be learnt before our understanding ofthe short range nuclea¡

force is even close to being complete. We have found that while the structure of this force

is complex, mmy 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 (u12("0"¡ - u').

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+8a], 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

a
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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 Synmetry Breaking to occur. Using this potential allows for a more

microscopic description of CSB. The same techniques which we have used cor:Id also be

applied to the microscopic description of the hyperon-nucleon interaction.

Anothe¡ 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

36 63

A-L-fI¿¡+ D Ð PpP^n-Pt+PzsPea (A.1)
i=l j=4 k,m=I.l,n=4

m)k n)I

We want to show that this is equal to

(A.2)

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

P1aP2sP36. Expanding out (4.2) gives us

A
36
Dt P¿ù(r- P)
i-l j=4

1

36 36
A=r- P - DD4¡ +ÐDPu¡p

i=t j=4

74

i=t j=4
(A.3)



Comparing (4.3) with (4.1) we can see that all we have to show is that

63

D D P¡¡ P^n = P;¡P (A.4)
k¡n=ll,n=4
n)k n)l

Look at the LIIS 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

b

t t P¡¿ P^^l(123X456) >
krrn=llrn=4
m)k n)l

For the RHS we have

36
t t PijPl(L2s)(456) > = l(156x423) > +l(416x523) > +l(451x623) >

+ l(256x143) > +l(426x153) > +l(452x163) >

+ l(356x124) > +l(436x125) > +l(453x126) >

i=L j=4

(A.6)

Using the property that any two quarks in the same nucleon can be exchanged producing

a miaqs sign we have that the LHS = RHS. From this v/e can now say that A can be

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

36tt
i=l j=4

3

= l(453x126) > +l(463x152) > +l(425x136) >

+ l(426x153) > +l(145x236) > +l(146x253) >

+ l(156x423) > +l(563x472) > +l(526x413) >

(A.5)
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L.2 Commutation Relation

We need to show that !l=r D]=aP;¡ and P commute, ie

-0 (A.7)

or

(A.8)

tt pijpl(t2r)(4b6) >= ,ett pijl(r2s)(456) > (A.e)
i=7 j=4 i=t j=4

3636
tt P¿¡P - PDI P;i =o
i-l j=4 i=l j=4

To show this we operate both on l(123X456) ) and show that the LIIS =RHS.

36 36

Do the LHS first. This gives us

36
DD¿,
i=L j=4

pl(123x456) > = l(156x423) > +l(416x523)> +l(451x623) >

+ l(256x143) > +l(426x153) > +l(452x163) >

+ l(356x124) > +l(436x125) > +l(453x126) >

(A.10)

For the RHS we have

36
l(156x423) > +l(436x125) > +l(256X143) >

l(451x623) > +l(356x124) > +l(452x163) >

l(416x523) > +l(453x126) > +l(426x153) >

(A.11)

P DDr.,
í=l j-!

l(123x456) > =

+

+

From this we have LHS = RHS.
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4.3 Normalisation

We want to show that the normalisation can be written as

-f[ = 20 < p"pvl(L - 9Pa6X1 - P)lp"ça > (A.12)

The normalisation is

¡f = <lþlrþ >

= < papalAAlp"çv >
3636

= < eap¡l(l- IÐB¡X1-,PXl- tt p¿¡)(t- p)lç^çu> (A.18)
i=l j=4 i=l j-4

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

can write (4.13) as

36 36
¡r < e.eul(l - Ðtp¿¡X1 - t Ð p;¡)(r- 

'eX1 - p)lç^çu >
à=l j--4 i=L j=4

36
2 <ç^pal(l-tÐ¿¡Xt- DD P¿¡)(L- P)lç^çv> (4.14)

i=l j=4 i=7 j=4

Expanding out the first two terms gives

36

36

36
ÐI¿,
i=l j=4

36
tt P;¡)(r
i=\ j=l

1

3636
) | - 2DD P,t + I I t t P¿iPu(4.15)

i=l j=4 i-l j-4 k=t I-4

\Me operate to the right of

36r-2ÐDp,¡+DItt P¡jP*t (1- P)l(123X456) > (A.16)
i-l j-4 h=l I=4

3636

i=l j-l
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To simplify things we do each term individually

1(1- P)l(123x456) >= (1 - p)l(123x456) > (A.17)

36
- 2DD ¿¡(r - 'P)l(123)(456) >= -t8ps6(1 - ,P)l(123)(456) > (A.18)

i--L j=4

The final term has four possibilities :

if.i=¡andj=l

363636
tttD p¿¡p¡¿(t-p)l(123)(456) > = tÐ p;¡p¡¡(r- ,e)l(123)(456)>
i=L j=4 k=L I=4 i=l j--4

= e(l- P)l(123X456) > (4.1e)

if.i=kandjll

3636

3636

6

3

j=4 k=l
36

= -2DD po¡(r - p)l(12s)(456) >
k=l j=!

= -18p36(1 - j,)l(123)(456) > (A.21)

3

Ð
f=1

3t
i=l

6

t t t D P¿¡ P¡¡(r- P)l(123)(456) > t t P;¡P¡(L - P)l(12s)(456) >
i=L j--4 k=l I=4 j=4 l=4

36
= -2 t Ð ¿,(r - P)l(123)(456) >

i=l I=4

= -18p36(1- 'P)l(123)(456) > (A.20)

ifi+kan.dj-l

6

Ð t D D P;¡P¡¡(L- P)l(12a)(456) > t t P;¡P¡¡(l- P)l(12sX456) >
i=l j=4k=I I=4

ifi+kandjlt

3636
tt t t p;¡p¡¡(r- p)l(123)(456) > = -36p36(1 - p)l(128)(456) > (A.22)
i=L j-4 k-L l=4
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Substituting these results back into (A'.14) gives finally for the normalisation

2 < ó"óbll1 + g - 18Pso - l8Pso - 18P36 - 36P361(1 - P)lö"þa >-

20 < ó"óvl(l - 9P36xL - P)ló"óa >

and the normalisation can be written as

N = 20 < p"p¡l(l - 9P36X1 - P)lç"ça >

(A.23)

(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.

(i) The elementary quark-quark amplitude is f.avour independent.

(ä) 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 llolinde [Hoß ]

Iro -* 3 x 1N (8.1)

(8.2)

(8.3)

(8.4)

Iø; -' aN

lr; - rN

Don,* lotrrN
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D"T"i - -26^n\N
i+i

,
Ð_"Tri -- -joftrft¡
r*J

loioir! -* ll,^*r¡ur*J

I oioioL - -2(6^nok * 6^tofu + 6*toft)

(8.5)

(8.6)

(8.7)

(8.8)

(B.e)

(8.10)

¿*i*k

t
¿+i+h

t
;*i#h

oioir[* -fo-"'¡
oi oi ot¡"rf * - l r-, okrf,t + l/,^toi,r¡ + lt ^top 

r¡

\{hen using these substitution rules for the case of One Pion Exchange we need extra

rules to allow for the additional isospin dependence. These a¡e taken from [Liu*92]

(8.11)I oi,or*rfirk - l6rot"u - 2e;¡oeo6,ofurf¡
n*rn (

| .oi,oi^of 
,irh - 

21t"uçsi,riofr 
- 6¡*o'N - 6n;ok) - €;¡¡,eo6,rf,¡ (8.12)

n{rn}l

Ð oiot*of rirlrf -, f {ArlO" uofvrit + 6¡t 6uo'wro¡s ! 6r,;6"ootrrÐ -2€¿¡¡,eo6"
nfrnll

- | lo "n*(6 ; r of * 6 r, ¡ o'*) + 6 
""rfu 

(6 ; ¡ ofu + 6 ¡ x o'r,r)

*66¿rfi¡(6¡¡of, + O¡¡"ç¡] t8.13)

81



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.L,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.l Scalar Matrix Element

We have for the matrix element

u?î!f q 
toto), o(r)) = i¡ r36(ee) ,za(ee) (c.1)
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with

361
?s' t 4(2t::,46+ 1X2¿36 + lX-)¡36+1(21-¡t"+t - t,qe

I

1
2

2

2

l' I:r.qs

å /su

Ptzcs

ltza

T

Il:tsJsø

It

,36(ø") - t 4(2t rrnu * L)(2p6* 1)(-¡øeo+1(2(-)¡46+1 - 1) 1122

1122

Itr2ts,ltz6

These are solved for each value of I and It to give

11c
ã,J

I

nao(ø")10,0) =

n3o(r")10,1) =

?36(c")(1,0) :

n3o(a")1r,1) =

(3 - 2s)

(c.2)

(c.3)

(c.4)

(2.t + 3)

(2.t + 3)

1

5
1

5
1

I 2s)(15 -

and similarly for 7¡f6(e") by replacing the S with T. This gives us

u""}lf') (s,Ð = Llle - zs¡1a - 2r) +f,rzs + 3)(2r+ 3) + rf rru - 2.rx15 - rÐl

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

u?|lf')(s=0,?=o) =

u|ilf")(s=0,?=1) =
ul!Jf")(s=1,?=o) =

u!!{f"lçs=1,?=1) =

31

I
59

27
59

n
175
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We wish to put this into nucleon operator form

v1ïof')e,")- ALïb * Bõa.du* cr^.il+Dda.duri.ô (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-38-3C+9D=11 (c.7)

M(l,O)=A*B-gC-gD=Y (c.8)

M(0,1) =A-gB+C-3D-Y

M(L,r)-A+B+C*r=#

A=38+3C-eD+l
from (C.7) we get

Substituting (C.rt) into (C.8) gives

B

4B

B

(c.e)

(c.10)

(c.11)

(c.12)

(c.13)

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

= ff-i -sB-sc+sD+rc+sD

= -Y nrrn
27

= -fi*to

c = -fi+n
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Using (C.10) and the appropriate subtitutions we get

# - i - t,-# + sD) - s(-H + s,o) +eD + #-to +fr- toD

T6D

D

100

81
25

324

Substituting (C.t¿) into (C.12) and (C.13) gives

B=c=_+

(c.14)

(c.15)

(c.16)

(c.17)

and

We have for our solution now

A=I

uff!1ùçs,r¡ = Tit" - |a".ab - $r" ++ ffia^.dui".iu

: [,t - ]rr" ib)Lib - *ro - 
2]r"'ô)d" 

' ão]

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:

Mi!^" = [¿Lio + Bía.A] srr(Ê)
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Tbis is solved in the same way as the scalar term. The simultaneous equations are

M(L,O) =, A-38

M(L,L) = A+ B (c.1e)

1o obtain the tensor matrix element for the exa,mple we a,re looking at the isospin mat¡ix

element is the same and for the spin matrix element rile use (4.51).

Evaluating the full matrix element gives us for each isospin channel

lvlr3"6,fu)1r, o¡ =
t7
27

alfl:ùG;) = å (c.20)

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

Solving this our final solution is

fr=r- ea

fr=a+a (c.21)

(c.22)alÍl:trs,r) = å (t - #r,t . *) s"o1n¡
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Appendix D

Qn.rk Potential Calculation in

Detail

In this appendix we will take one of the more complicated quark potentials and go through

the calculation i¡ 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 ufii.

D.l The Potential

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

with

alí: -g

32

voPE çzs¡ - Íí4:+n 
I #ii#6 . ís¿ie'(,2-,s)

(D.1)

(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 eva,luation easier. This gives us

ol:5 = -*k* I #F+*" < çiçil"io'(rz-rs)pc 11- (-¡(s+r\p\lp,^çi>

x < p""çilPftalçi,çi >< ç"{ç{liz.i5õ2- yds- qPülp":pi >

-*k* I ffi#" < piçilrio'(rz-rs)¡c 11- (-¡(s+r)p1lç'^pna>

x < p"^"ç{lí2.isd2. 8ds.qPíilg'"'g"d > (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 (+.5)

M25(o(o)o(')) = * f < (t+)t1'i)l : s Mld2 - 8õs. qpíel¡ú)i4'rà)i; s M >* ll,t¡1
x < (/| ) ; (r' tr) ¡ : r MTlr-2 . F5 Pi5l(hÐ i(r\Ð ï; r Mr >

(D.4)

\Me will look at just the spin term fo¡ the moment. From (+.23) we know that it can be

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

D.2.L scalar spin-isospin matrix element

1(õz'qõs 'Q).r=o

\Me have for À = 0
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\Me will concentrate on only the spin dependent terms to calculate the matrlx element

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

nT(t(rrtl) =< (,4)å(¿' ¿)i; s tø1ar. õ5pí61(t|i)i(t'rÐ!,; S M > (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

\ ll ltz+s

q!(tt'trt.¡Ir*t = t 2Í(2lrz45+ 1x2¿36 + 1)lå 1!22 Iso
Itz¿s,lso

11ctt¿
xPí61(¿1¿i)/nas(t*)tza; SM > (D.7)

We operate the P36 to the right and get

r¡2jçtt't¡'r)p¡¡s : t 2[(2t.,4s + r)(2h6+ 1)]å(-)'.u*t
Il:+sJaa

\ t,r

X

Itzqs

Iso

5

1122

1122

l(U\)|¡"4s(åå)Ieu; sM > (D.8)

Now recouple the RHS back.

,fs'çtntq\*rt = t 2(2ln¿s+ 1X2/36 + 1)[(2À + 1)(2n+ 1)]å (-)¡'u+t
Ipa;,ls6,À,n

I1 lnuItr

1122 /eo

Ir

1

À

ll l:¿as

i lza

K^t11Ctr¿

X

89
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We now look at the left hand side (tHS)

r2;(u'ti)L¿rs =< (tà)à(t'Ði; s Mlõ2 . õ5

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

lß

with q; - | the spin for quark i. Similarly for nucleon 2 we get

This gives for the LHS:

ït2ssçtt'ttt\¡;Hs = I (-)'*'*r'*rrs*r¿G' l(2t + L)(2( + 1X2¿1a + r)(2146+ 1)lå
lrs ,lro

X

We now recouple to get quarks 2 and 5 together.

lrg,l+e

Itz lsa lts+a

< ei)I;ål = D(-)r+rra+r¡12¿ + 1x2t1s + 1)lå {
l lr,a,
11r
, â.t3 Ì . (*+),. eqz;ïl (D.11)

(D.10)

(D.14)

rr2s6(If lrtl)LHS = D (-)'*'*r'*rrs*rro¡12i,+ r)(2lt + 1X2¿r3 + 1X2¿46 + 1)lå

< GÐt';å = f(-)r*r'¿e*l ÍQIt +r)(2146+ 1)lå {;;',,"} . (à+)touqu;i (D.12)
f46

(+iI ì råå¡ ì
tå å,,,ltl + tnul < (Ißqz)ä(I$qs)à;sM õz'õs (D'13)

.L
2

L

1
2

¡
2

X

X

{;i',,,} {; ; 
',,"}r[{r,,"aø * L)(2t,u+ 1)]å I23

5

< (h3l46)¿1eqa(ài)lzs; S Mlõ2- ds
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Operating õ2. õs to the left:

tt2s61t'ti')ms = D (-)'*'*r'trrs*rro2¡121 + ÐQr * 1)(2t13 1 1¡
lrs,lro

X (2rqa *1X2¿r346 + t)(2r2s+ 1)l;(-2(-)¡," - r,{; ; :,, } {; ; :.. }

X

We now need to recouple it back to its original configuration.

rfssçtt'ttti¡¿¡.t = D t 2(-)I+t'+t'"+t+øl(21+r)(21'+1X2À'+ 1)
113,146,À' 119¡¡6,//25,x'

x (znt t 1X2¿13 + 1X2¿46 + 1)lå (2lzs * r)(2tß46+ 1X-2(-)h' - r)

lrs Irc lß+a

à+lzs
1lC

" 
U

{:;","}{;;:.,}

( (l13la6)/13a6(|\)125; S Ml

lrs lqa lre¿o

ä+lzs
11Ctr¿

/rs lsa lßaø

tilzs
À' Kt ^t

(D.15)

X

X < (/rgå)À'( la6l)nt ; S Ml (D.16)

Now recouple the nucleons separately back using

lp

À'å ¿tt

11t, ,.12

*' à lnu

l1t
, ,,15

< (qrsr)/r, qziÀ'l =I(-)t*u' +t'"[(2ln+ 1X2¿1s + 1)]å { Ì . (;+l¿, z|;\'l

< (q.nqa)lnuqs; n'l =I(-)t*u' +tæl(2lns+ 1X2¿46 + 1)lå { Ì . f;+l¿.sj;rc/l(D.17)
Ics

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

rfssçtt'ttt')7+s = t t Ð z(-)'*t'*t..*I*l?t+L)(2It ¡1X2À'+1)
ht,l æ,À' ltt+a,Izs,nt In,I+s

(z*' + t)(2ln + L)(2145+ 1)lå (2tzs + r)(211u6+ 1X2h3 + 1)X
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X

1

1

X

(2t+otr)(-21-¡r,, - 1){; ;;,,}{; :., Ì {i'; i: I {;'; lï }

< (Irrå)À'( lasl)n' ; S Ml

(D.18)

/rs lca lrs¿o

àilzs
1rC
,2u

lzs

.t

Ire l¿o lr¡¿o

àilzs
À' Kt ,t

'We can now combine the RIIS and LHS to give

,¡2r5çf4ti¡= D t I D ¿(-)'*r'*rse*1*rrz*ts(2(-)tzu-1)
l12,I n,I * I s,1126,l1sq6 l2s,ls6 )r Àt,x,xt

x (2It nu+ 1X2¿36+ 1)(2¿1846 +L)(2125+ 1X¿13 +L)(2146+ 1)[(2f1r4 r¡

x (21+s * 1X2À + 1X2À/ + r)(2n * L)(2nt+ 1X2¿ + r)(zt' + 1)lå

x {ä","} {; ; :.,} {;' i"":}{î'; L l
Itz lsa /rsqo lrs lqa /rs¿o

+àlzs
À' Rt .9

\ r,r \ ltr

X 1
2

I

L

1
2

(

11221122

hz¿s

lso

^t ÀK

Itz¿s

Ise

^t
11
22

X tþ+)^' (t41t)nt ; S Ml(t1i )À(li| )rc; S M >

,t2ssQfhti¡ = t t f +1-¡'*"*r¡s*1*Iru*/rs1-21-¡tzs-1¡
I45,112a5,113a6 125,136,113 À,r

x (2l:r.nu + 1X2¿36 + 1X2r1346 + r)(2/12s + lx¿ls * 1)(2/4u 1 1¡

x (2À + 1)(2rc + 1)Í(2Il+ lx¡r + 1X2¿ +r)(21' + 1)lå

x {;i",J {;;;.. } {;; ;:; } {í i':,}

(D.le)

and finally
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X

/re lqa ltsta

iilzs
1lC
,'U

lrs lao Jre¿o

à+lzs
À'KtS

ltte ltta

lL
22

À, K,

Pßqa

ltzs

T

u!!!1')ço,o¡ =

ut'"!!¡'tg,o¡ =

a!!!¡"tç0,,t¡ =

a!!!1')6,9 =

lr l\ In+s 11 Il l:r,¿s

i+ leo

ÀKs
+t leo

11C,tù
x ó(ÀÀ')d(rcrc')ó(¿r2¿1)ó(I+sll).

Similarþ for the isospin matrix element we obtain

r¡lFçU'ttti¡ - t t f +1-¡t+t'trß*rlt'tz+'ues(-Z(-yt'u-1)
ltt6 t ttt215 Jtß46 lr2S, Þ36, l!t3 \ rx

x (2tttrns i L)(2p's6* r)(2pßao* t)(2p'2s * lX¡rrr + 1)(2¡ra6 I 1)

x (2À+ L)(2ntL)l(21'L+ lxtl +L)(21+r)(21t + 1)lå

x {ä","} { ; ; 

","} 

{;' i:,""} {;iî:,}

(D.20)

X

ltts þrc Pr¡qa

+ i ltzs

tl.f
dr!

!122I
2

1122

7

ã
1

õ
1

I
73

81

\ q þ:r"¿s \\
1
t Fze

T ÀK

þtzqs

ltsa

T

x ó(ÀÀ')ó(rcrc')6(¡t1211)6(p+sl\) (D.21)

(D.20) and (D.21) can be substituted into (D.a) to obtain our final spin-isospin matrix

element. From this we can get a numerical solution for each S and T.

(D.22)

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

Solving these gives us

A-38-3C+sD-1
3

A+B-3C-3D=\I

A-38 +C -3D -!I
73A+B+C+D==-'81

(D.23)

(D.24)

(D.25)

(D.26)

(D.27)

and our matrix element can be written as

(D.28)

D.2.2 Tensor spin-isospin matrix element

For the spin operator we have for \ = 2

q2

3
(D.2e)(dz.qõs.q)x=z s¿¡(Q)

Using as our sta.rting point the results obtained in (a.38) we have

mr"!l:qrs,r) =i I ,zs(ø')çI,r',\,rlr¡f(e")çr,l,q,r1¡ (D.80)

m?!!fqq,\ =2Å[tt + fir" .iu)í"iu + fif r * To" 
.ô)4" .õo]

I,lt,I7,l,,
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where the isospin term is the same as before

nlF(Uttrl'r) - t D f +1-¡'*"*¡¡ao*14,'r¡*tt15(-2(-)t!'u-1)
ltt6 t þ121s ¡lít316 lt2s t !tg6 iþtg 

^ 
fi

x (2ttrrnu * 1)(2p.u * l)(2¡rrrnu * I)(2p2s * lXprs * 1)(2¡ua6 4 1)

x (2À + r)(2n + I)l(21\+ lx¿l + 1X2¿ + I)(21' + 1)lå

X {;;',,"}{;

11 ti

,.. Ì { ; i;"""} {i' i:,",}
Ptzss

ltzat122I.L

.!t22

t
t

X

x ó(ÀÀ/)ó(rcrct)6 (¡,tpl1)6 (pnuli)

and the spin term is that given in (4.51)

n%G') t 2(211245+ 1X2¿a6 + 1)[(2À + 1)(2rc + 1)]å (-)¡'u*t
11245,136,À,x

ltts lt¿a llßqa

+ t ltzs

1111
2t!

ltts Pce

1122

À, K,

Pß+a

ltzs

T

\ q hzqs

+t /eo

ÀK1

þtz+s

ltsa

T

\ t,r

ÀKT
1.3(D )

1122

1122

1LI'r

1122

!122

l1

1*o

-1
Itz+s

lza

1

ÀK

^9

.t

2

s

s

211 11

< (r+)'llarll(¿,å)å >< (t'à)àllasll(¿iå)å > s"u(4) (D.32)

We now need to evaluate the reduced matrix elements

< (t+)àlldzll(¿,å)å > (D.33)

< (t'+)àllaull(¿íå)å > (D.34)

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

Talmi [DeshTaJ] we have the rules for evaluating reduced matrix elements. For ø¿(i -
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< (¿å)+ I la¿l l(¿rå)å >= (-))+3,/1ÍQ¡+ 1X2¿ + 1X2¿, + 1)lå /6 {Ï lt fi 
¿*1 

} to.rul

1,2,4,5) we have

This will then give us for the spin matrix element

2E(
?s'

qe D 6(211245+ 1X2¿s6 + 1X2À + 1)(2rc + 1)
11245 ,136,À,x

x[(2r 1 L)(2v + r)(2h + t)(2t\+ 1)]å(-)r'u+',r+"

X

\ Il ltz¿s

++ lza

\ \ tnqs

i+ lee

ÀK1

1122

ÀK

11

^t

^t

2!
2

tI
Àlr

ir

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

.{

ar2!j1")6,0¡ =

u!!jx')G,¡ =

Using the method given in Appendix C we get :

1

18
= A-38

5 = A+ B
L62

iÌfi -1){: i,:}{Ï,i .}u'",,u, (D.36)

(D.37)

(D.38)

are

1

-18
5

162

1

108
A

Solving this gives us
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B
I

-3U (D.3e)

(D.42)

and we obtain for our matrix element

(D.40)

D.3 Radial Matrix Element

We now need to evaluate the radial matrix element. This was given in (D.3). This is

,z](ø"\ =< çippull"h.þz-rs) pou(r - 1-¡ts+r) plllç"^ç'u > (D.41)

where gE^ ar.d g$ arc 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

ffi(q") = a e"^Q23)9Ë,(456)l leie'('z-'s) P¡ullqi,lzl)et(456) > -
< ei$23) eË,(45 6 ) I I 

eic' (' z-'s) p¡up" lleiQ2}) et ( 45 6 ) >

< es^Q23) ei ( 45 6 ) | | 
ei a' (r z- r s ) 

ll e""QZ6) ef,( 4 5 3 ) > -
< e!$23) ef,(aso ; ¡ ¡ 

e;a'('z-'s ) 
I lei@st) ei( 1 26 ) >

ptlll:ò6,r) = # (r - i. . ô) r"o(ul

= A- B

We now calculate the terms separately

A < ei$23) efi, ( as o ¡ ¡ ¡ 
e;ø' (' z -'s) ll e'"QzQ ef,( 453 ) >
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4

lo'r, Io"r, Io"r, I o",n 
Io",u I a"ru"-{þ,-+)'e-+tz-t)'

E )' r- 4 G, + t )' 
"- 

4 þ r+ * )' 
"- 

4 þ u + |)' 
"; 

ø. 1,, -, ù 
"- 

$ 1,, - f )"

+)" f a3rr"-o'("-t)' f a3rr"-a'þ2-l)2+io'r' I a'r""-4 124+$)

f a3rn"-t"(,+* z&)2 | alrr"-o'(ts¡|)2-iq'r' I arru"-*Q,?+4) (D.43)

Using the integral function

fo* 
d"r"-"""' = * (D.44)

We get

"-Ê# | a"rr"-P'(rl-rza+$-t#, I dsrs"-e'(,?+,sn+S+ff)

(D.45)

x e- 4 þ, - z)' 
"- 

$ Gu - | )' 
"- 

$ ? r+ | )' 
"- 

$ G u + !), 
"- 

Ç {,, + l),

X

4

^= (+)'(Ë)

Using the method of completing the squares we arrive at:

X

A +)" (fr)n "-u'-l' "-ry I ¿s,,"-g2trz-t(þ+a¡7'"Êtfi+nlz

f a" r r"- P'hs +| ( 
iS +a )J' 

"4 
16 +nl'

ø2 R2 --¿-
= e--a- e 2p2 etq'n

)'(Ë)n "-u"*'(
p
If

rã
A3 )' "-r ",'*"ÊF
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Now evaluate B

B < 9'^Q23)pË,(456) I l¿iq'("2-'s) ¡1rx 7453)ef;,( 126) >

(+)n ¡ o"r'"-u"?-Ê'-f ! a3,r"-0"'7-p'{ +iq'', ! ds,e"-B'('3-*)2

* | atrn"-p2,7-Ê'É- | a"ru"-o',g-o'-12 -;q',u I d"ru"-p2(,6+*)2

4

"-9r 
R, 

f a"rr"-p'("-#)' e-# I ¿e rr"-g2('s*#\', "-#

= "-ø'n'"-a*

This will give for the radial matrix element

,fu(ø") : A-B
-p2 

a2
=e2e

_92 n2

=e2e

-# 
"no.^ - "-o"n'"-#

# (",,." - "-Ê#)

(D.47)

(D.48)

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

term we get as our final answer

(D.4e)

From the above rvve caû 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.

,zf(eù = "-Ê# "-# (",n."- 1-¡(s+r) "-ÊF)

ozs(qe) = -kn** I #*1n *ø"tlrølllf"t + u?!l!ùl
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The integrals have been evaluated in chapter, so using the method outlined in there we

arrive at our potential.

(D.51)

o2s(qe) = -h#"-# lr::r1", (efol - (-)(s+r) "-ÊF ) t uiijl"tr,ça¡f
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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 o¡der 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

v.(R) =:+#uro*",' (å)' (r*-drX'ï.i¡v) (E.1)

where R is the relative distance between the centers of the two clusters; o.¡y and qy are the

spin and isospin operators which act in nucleon space ; p(q) i" the fourier transform of the

quark density in the cluster with normalisation þ(q = 0) = t. The finite size effect of the

clusters can be factorised at large distances by means of the factor Þ(i*")2 . 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 Tnî + 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 d.istributions. By comparing (E.1) with the standard Yukawa potential

ê-nrR
R

v.(R) =

101

(ã¡v . ã¡vXtlv . tï) (8.2)



rJve get

3
looo

. \ -1ItNN P\ïmn) ' (E.3)
Ð

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

we have
ê

þ(q) _ e-eÞ (8.4)

where B is related to the ha¡monic oscillator leogth by its inverse. Substituting this in

equation (E.1) gives us

Ínqq =!uh**;#. (8.5)

For the nucleon pion coupling constant we use the value

12
JrN/V (8.6)
4r = 0.082
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Charge symmetry breaking in the reaction np = d ~
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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 ~dm. . 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, g-n. 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, rnicroscop-
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~dtr Of course. , in a charge-
independent world this is directly related to the reaction
pp~~+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 7t) vr mixing [see -Fig. 5(a}] as
a reaction mechanism. Since the role of the g 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 g-m. mechanism for
CSB in the np ~de. reaction.

The 6 resonance plays an important role in pion pro-

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 4 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 /dQ, but also on various polarization ob-
servables. [In the n pelastic -case it proved advantageous
to measure 6 A ( A„—A ) at the zero in A„(8)].'

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 ~der is that of Green and Niskanen. s It is based on
the nonrelativistic, one-body pion production operator

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

(m. q ~
P;(x)

~

0}=5;.(2co )
'~ e

(nq~ m. (x)
~

0.') =i5;J (coq/2)' e. (2.2)

While p should be the m. + 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 n.N 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 6 resonance plays a

H = ——g o; [Vr; P(x;)+. (2M) 'tp;, r; m(x)I] .
I i=i 2

(2.1)
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crucial role in this reaction, being primarily responsible
for the large bump in the cross section near 600 MeV

(E„b). In order to describe the meson N—~~h vertices,
we introduce the transition spins and isospins (S; and T; )

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

d' L(L+1)+ —k +MV, u (r}=—M g Vz(i)w;(r},
dr2 r

L (L, +1) I,
+ +M& 6—M i — E+—V3(i) w;(r)= —M& Vz(i)u (r) .

dT T 2

(2.3)

Here u (r) and w;(r) are the relative NN and hN+Nh
wave functions, k =ME~,b/2 and E is the c.m. energy.
The mass parameters appearing in Eq. (2.3) are b„ the
mass of the delta; Mz, the 6—N reduced mass; and I, ,
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 embox dia-grams (see Fig. 2). The
diagonal b, -N potential ( V3) is set to zero in this work,
while the charge-independent transition potential is

2fNNp

2fNNq
+S& crz V, (pr)+ z

+V, (pr}

+(1~~2) . (2.4)

The ANn coupling constant is f" /4n. =0.35 (in order to
fit the width of the delta), and

fNNp ff~NP=f~N. ~ =fNNP fJ NN~
(2.5)

S)2 ——3S) ro2 r —S, .02, (2.6)

and

with fNN (m /2M)g (I——+a ), g /4m =0.55, and

Kp
——6.0. The transition tensor operator is

V;(pr) = Y, (pr) (A/p—) Y;(Ar),
—X

Y,(x)= e
X

Yr(x)=(1+3/x+3/x )Y,(x) .

(2.7)

The monopole cutoff masses used in the potential are
4=700 MeV for the pion and 950 MeV for the p.

Once the Nb khN 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 5 which subsequently decays.
Although s-wave nN 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 b, isobar is dominant above 400 MeV (E&,b). The
present model has been very successful in reproducing
and predicting both cross sections and polarization ob-
servables in the pp~dm. + reaction. It should therefore
provide a suitable starting point for calculating charge-
symmetry breaking in np ~d m. .

The differential cross section in np ~de (including an
extra factor of —,

' compared with pp du+) can be writ-

ten

X I &C IHp,.d14' & I'.d08(27@}2ksM
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=O) initial states with isospin
one (T= 1) give rise to pion final states of odd angular

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

FIG. 2. A contribution to NN scattering which arises from
coupling to the Nb channel and must not be double counted.
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FIG. 3. The lowest-order process whereby coupling to the
Nh channel leads to pion production.

H„~~ ——Ho+Hi+H2 .

Ho was given in Eq(.2.1) and

(2.9)

momentum (I ) only. Triplet T= 1 states give rise to I„
even. Thus, each term in Eq. (2.8) contains either a sum
of terms even in I„squared, or a sum of odd-l„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 T=O may give
rise to an I„-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 syrnrnetric or antisymmetric in the charge-
symmetric case (e.g. , A„„,A, A„, 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
NNm. vertex. This introduces charge asymmetric cou-
plings H

&
and H2, where the nonrelativistic reduction of

H~ww»

H~~ ——Ho+ H2,
with

(2.16)

Ho —— S VTp,
p

H,'= —5 S (p+p')(TXQ)3 .
p

(2.17)

(2.18)

(There is no contribution analogous to H
&

because the
b,~~N transition requires a transition isospin operator. )

Having justified the presence of H2 in this way, we shall
nevertheless use Eq. (2.12) for 5 at the bNm. vertex too.

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

Vs(OPE)= t Ti, [S,zVr(pr)+S, ozV (pr)]
5ff' ~

4~ 3 1 2 c

—6(T& X rz), (S|Xo z) L Vts(pr) )

[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=O 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 6 isobar, this
effect is actually very small for the np ~der reaction.

One might also expect to find a coupling at the hN~
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„&md, one arrives at pre-
cisely Eqs. (2.9), (2.1), (2.10), and (2.11) in the limit of
nonrelativistic nucleons (with 5=(md —m„)/[3(md
+m„)]). Applying exactly the same procedure to the
b, Nn vertex with SU(6) wave functions one finds

H, = —5—o"V/3,
p

(2.10)
+(1~2) . (2.19)

Hz ———5—o (p+p')(EXP)3,
p

where 5 is given by

5=(M„—M )/(M„+M )=(M„—M )/2M .

(2.11)

(2.12)

S&2
——3o.&.ro 2.r —o

&
-cr2

1 d
VLs(X)= — V, (x) .

(2.14)

(2.15)

Taking H, and H2 into account leads to a CSB NN po-
tential of the form

2

Vs ——5 I(r&+vz), [Siz Vr(pr)+o&. ozV, (pr)]'
4m 3

—6(ri Xrz), (o'i Xo z) LVLs(pr)), (2.13)

with

(Note that this does have a class III piece because of the

Hi term at the n NN 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=O NN
states into T=1 5¹Nh states. Furthermore, since the
N and 6 are distinguishable particles, the isospin 1 state
can have either spin 1 or 2, and these can couple to the
tensor coupled L =1+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=O states in the ini-
tial or the anal 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 5¹+Nh—have been gen-
erated, they naturally lead to pion production through
the action of Ho [Eq. (2.17)]. The mixing is computed by
extending the coupled equations (2.3).

In addition to having isospin breaking occur prior to
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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 0 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 5 re-
gion, since the initial state is an NN state.

The g and m. meson mixing contributes both to the
transition potential from T=O to T= 1 states [Fig. 5(a)]
and to the final pion production vertex [Fig. 5(b)]. How-
ever, the gm. mixing potential is of type III and does not
directly contribute to np scattering. For the process
np~hNRNE, it has the form

~n V( )v~ 4tr 3 2( 2 —2) 13 12 T P
'9 —P

'3

VT(rIr) +S, o 2 V, (pr)

3

V, (rlr) +(1~2) .

(2.20)

Except for a factor of —,', this is completely analogous to
the corresponding interaction in the pure NN case. This
factor comes because for each particle becoming a 5,
there are only two possible time orderings versus four for
nucleons. If the same monopole form factors are used for
both n. and g, the form factors cancel and the potential
is like a OPE with a very long-ranged (t} ') 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 (t) ~H

~

tr) we shall use the value —4000
MeV, extracted from electromagnetic mass splittings. '

The t}NN coupling constant f„=g„p/2M is difficult to
extract from NN scattering, and is very badly deter-
mined, with the values ranging from g „/4tr =0.5 on the

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 g„/4m=3 68. fro.m 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 gm mixing just considered.

The gm 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

p2(t)2+q2)i/2[(p2+q2)(t}2+q2)]1/2
(2.21)

T=O r
0

m4

(b)

FIG. 4. A direct, charge-symmetry breaking contribution to
the np ~de. amplitude —corresponding to H, of Eq. (2.10}.

FIG. 5. The two lowest-order mechanisms by which g-m

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. RKSUI.TS

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

0.5—

Full T)re+6 (G& I 4rl=3.68)
Onty 5 type

Ful t 5 on I y

t)n only (+ I 4+=3.68)

Full g~+5 IG„ i&~=o.5j
[Fig. 5 (a) j

~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~ ~~ a ~ atO ~ ~ ~ ~ ~ % 0 ~
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Ca)
l, 77 MeV

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~10Q ~ ~
+++a e ~ ~

'
~
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CD
I
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I
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Q 5

—1.0—

/
/

a /
30

/r
/

y

60~ 90~ 8 (degI

Cb)
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FIG. 6. (a) The forward-backward asymmetry for the
np~dm 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 5 (n-p mass difFerence in pion exchange) and g-m mixing
(with g»&/4n. =3.68); the dotted curve includes only 5 (type
IV); dot-dash is full 5 only', short dash is full g-m ', long dash is
g-m, but only Fig. 5(a); dot-dot-dash is full 5 lus g-~, but with
g„~NI4m. =0.5. (b) As for (a) but at T„=58 MeV. (N.B. 8 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 b, 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 (5, dotted curves), and the
class III np ~Nb transition due to re mixing [Fig. 5(a},
long dashes]. However, including re mixing at the pro-
duction vertex, as depicted in Fig. 5(b), decreases the rIm-

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 rI nm-ixing
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
b 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 gm. -mixing effects follows because
the numerical factors in Eqs. (2.20) and (2.21) are rela-
tively large. This result obviously depends directly on the
value of the rINN coupling constant, which is probably
poorly known (g„/4n. =3.68 is used in these curves").
Anyhow, this is a large cancellation of the two types of
gm 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'" Nb, 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 pe coupling, the result
with g„/4n. =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 g' meson can be impor-
tant. In particular, it has been suggested that one should
consider g'-m and g-vr mixing together. Since studies of
N-N scattering determine the g'NN coupling even less
precisely than that for QUINN, any calculation of this effect
should at best be considered an indication of its possible
size. For simplicity we have chosen g„.&N equal to g„N&.
For the mixing amplitudes we take ( g H

~

m ) = —5900
MeV and ( rI'

~

H
~

m ) = —5500 MeV, which are more
recent' ' than the conservative value for (rI

~

H
~

m. )
used elsewhere in this paper. In Fig. 7 we show the for-
ward backward asymmetry in np ~de at 477 and 580
MeV resulting from g-m mixing with the newer mixing
matrix element, the q'-m. mixing contribution and the to-
tal result (including baryon mass differences). For the p'-
m contribution, as for g-m. , there is some cancellation
between the term involving rescattering through the 6
[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 g-~ and g'-m.

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 b. 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~dm at
477 and 580 MeV. Here we include the possibility of g'-vr mix-

ing as well. In these curves g»N/4~ was taken equal to
g„NN/4m. (i.e., 3.68), and the mixing matrix elements were
( g I

H
I
n)= —5900.MeV and ( g'

I
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I
n ) = —5500 MeV'.

—-350-

I

0.5
cos2 8
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FIG. 9. Our prediction for the full differentia cross section
for np ~de. 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, 0=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. 8. The full prediction of the forward-backward asym-

metry for several neutron laboratory energies.
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Elob (MeV j
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FIG. 10. The foward-backward asymmetry in dcT/dQ for
np~dvr as a percentage of dcT/dQ, 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 m 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 68=+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 50
as well as ho. , 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~nD: S,~p, Dz~f, and 'P, ~d) to
vary arbitrarily. Then we find that ho. may vary by a
factor of 10, while b 0 varies by a factor of 2. There is lit-
tle relationship between the size of the effect on 68 or
b,o. 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
(b,a ) and b, 8 (for i T

~ &
) 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 g-m mixing. The latter is particularly in-
teresting because of the uncertainty surrounding the role
of the g 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.

0.1—
T~ = 180 MeV

-0.1—

/r
00

c.m.

FIG. 11. The polarization parameter iT» for the reaction
np ~d m, at a neutron laboratory energy of 650 MeV
(T'„=180MeV). 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
8, =90'. ) In this case alone, 8 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 -e 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 (g

~

H
~

n ) and (co
~

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
NNm. vertex, using the cloudy bag model, ' has suggested
another mechanism for CSB. The mass differences of the
u and d quarks imply that the ~ nn coupling should be
larger than the m pp coupling by about 0.4%. This is the
opposite sign from the effect of g-m mixing at the vertex.
Indeed, with g zN/4m =3.68(0.5), Eq. (2.21) implies thatgNN
the ppncouplin. g constant is about 0.7% (0.2%) larger
than that for nn m. . Thus, if taken at face value, the effect
of quark mass differences would tend to cancel the effect
of g-m 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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%e 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 di8'erence between A„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 8ackenstoss et al.

recently began a series of studies of quasi-two-body (Q28)
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

23

the outgoing proton (P ) in Q28 absorption on He+3 V
[n He~p+p (+p)] to the short-distance physics. ' In
particular we viewed the process as the quasifree absorp-
tion of the m 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 5-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 m d~pp; dashed: with He reaction kinematics; dotted:
with the correlation function of Friar et al. '
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Friar et ai. ,
' 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 G111
et al. ' that one might obtain some insight into the pion
absorption process from Q28 of n+ on polarized He.
Here we examine this suggestion within the same model.
The kinematics of the n+ "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 3 . As in
the Madison convention the positive y axis is taken along
k;„Xk,&. The relation to the spherical tensors is
A =&2it~~ for m+ absorption on He and

y +A =2/&3it&& for n. d —+pp. It is worth noting that in
terms of two nucleon amplitudes the expressions for Ay
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 Q28 absorption of m. + on polarized He at a number
of pion laboratory energies. The dotted curve is our full
result using the wave function of Friar et ah. For corn-

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 A is numerically
small, and therefore difficult to calculate precisely. For
our model the agreement with A data for the free deute-
ron is not as good as for other observables away from the
region of b 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 A more negative by between
0.1 and 0.2—especially at large angles. Near resonance
there is little effect, while at 246 MeV A 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 A, as well as our earlier
ones for P .
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Ab¡tract

The iliV interaction is studied aseuming the quarta in the nucleon couple

directly to the pion. To compare çrith the meson exchange modele fo¡ the /V/Y

inte¡action, an lV/V potential based on the quark one pion exchange mechanism

(eOpEP) is derived and investigated. Many features of the meson exchange lVlV

potentiala 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 nucleon-nucleon potential.

1 Introduction

The f/il interaction plays a special role in the strong intcraction physics. Over

five deca.des of intensive work on this problem greatly enriched our understanding.

presentty, the meson exchange mechanism is most successful in dcscribing the empiri-

cal situation. The best known meson exchange potentiats are those of the Bonn, Paris

and Nijmegen [1,2,3] groups. On the other hand, il, is well known that the nucleon

is a composil,e object consisting of quarks. There are many successful quark models

that can dcscribe singrc hacrron properties with good prccisio.- Tlris gives hope for
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¡¡r explanation of the iViV inter¡ction from the unde¡lying quark dynamics. lt is also

hopcd th¡t the quark degreer of freedom will enable us to explain some ambiguities

in the mqx)n cxchangc models, notably the ¡hort range repulsion which is expected to

depend very much on the nucleon etructure. ln meson exchange potentials, the ahort

range iVJV interaction i¡ urually parametrizndby phenomenological repulsive oores or

by urc of form factorr, which arc yet to bc cxplained[11.

A ¡ubsta¡rtial amount of information on the ¡ubstructure of the nucleon has bcen

accumulatcd ovcr tast thirty !¡e8¡s. lt ir very tempting to ul,ilizc thi¡ information

¡nd to relate its substructure to t,he interaction procs¡se¡. Then we may hopc to un-

derstand the phenomenological parameters in terms of more fundamental quantities.

Ma¡y ¡uthors [5,6,?l have attempted to explain the /Vff interaction in lerms of the

onc gluon exchange (OGE) [8] mechanism, which is reasonably successful in describ

ing cingle hadron propcrties. Unfortunately, the /V¡V potentials based on OGE are

somewhat disappointing [5,6,91. ln particula¡ the tensor force derived from OGE is

two o¡ders of magnitude smatler than that in the meson exchange potcntials. On the

other hand, OGE atone can no[ be expected to describe the lViV inl'craction al' low

energies if quarks and gluons are confined within a distar¡ce of onc fcrmi [l0l- To in-

corporate the substructure of the nucleon and exploit the wcll esl'ablisl¡cd long range

one pion exchange mechanism for the lViV interaction, we assumc l,haL quarks in tl¡e

nucleon couple directly to the pion-

Quark pion coupling is known to be very importanl to guarantce chiral symmclry

in more sophisticated models [l I l. ln the quark model, one usually I'rcats thc pion as

a quark-anùiquart< (qi) pair, therefore this picturc can be vicwcd as including the gii

creation proc¡ess in the iVlV interaction. Unlike one gluon ezchange, gi crcalion is a

non-perturbative effect which may play an important role in tl¡e low energy domain.

The onc píon etchange bel,ween nucleons is a well establishcd fact, but how the pions

are formed out of qu"rk, and gluons and exchanged by the nuclcons are dynamic qucs-

tions to be answered by studying QCD. Judging from the long ratrgc iV¡V interaction

and the success of various chiral quark models, quark pion coupling rnay account for a

significant portion of the underlying Process.
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The quark-pion coupling ha¡ been uced in quark model c-lculationa refs.[12,13,

l4,l5l to atudy various aspecte of the ffff interaction, mainly in the framework of

resonating group method. ln this pap€r we present our atudy of the effects of the

quark one píon ezchange (QOPE) rnechanicm on the iViV interaction. The objective

of thie study is to investigate the effecte of nucleon subatructure, which ahould go

beyond merely yielding a form factor, and include genuine many body cor¡elations to

the /V/V interaction. An analytic local /V/V potential (QOPEP) is derived uaing the

london-lleitler rnethod [l?l and cornpared with the well establiahed meson potentiale

¡uch as the OPEP and the Paris[2] potential. The dynamics of the QOPEP ir analyzed.

In e€ction 2) a deocription of the form¡lism ir presented. The form¡ of the Hamil-

tonia¡r a¡rd the s'ave function are discuaeed and the definition of the potential ie given.

Section 3) explains the er¡aluation of various potential terms, all of which are expressed

in closed form due to the particular choice of the harmonic confinement. In section

,l), numerical results of the QOPEP for the fl/V interaction are presented and com-

pasd with the meson exchange potentiale. Its ¡elationehip with the form facüors 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

ln 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 conf,ning force plus some residudl forces such as

one gluon ezchange or one pion erchange . For a eingle nucleon with only the con-

fining forcethe llamiltonian /l|!l can be written as

.Jl
ilfft=D¿,tå D u?;"t-rfru. (2.1)

i=l iti=l
where t; are kinetic energies of l,he quarks, TfiM is the kinel,ic energy of thc nucleon.

The wave function corresponding to the above llamilüonian is of thc form [16,18¡

ú¡v: ötX^,^rC, = tDrvG
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where ö, ie the eymmetric epatial part, X^.-, is the totally eymmetric apin-isospin

part given by [19,201

x-.-r :à{ltlrl"l]]. [rlt)']Jj, - [{tå)'å]1. [rlll'å]i:] (23)

Ç is the totally antirymmetric color part

ç-- ftr,¡.qlqiqi. (2'4)

The NR quark model llamiltonian If for the NN eyetem is then written in the

following form,

36
n: Hfi + Hf) + åDDuît + Y(n¡sl (2.5)

i=l j={

where ffjitl -r¿ fffl ate the llamiltonia¡rs for single nucleons Á and B. The residual

interaction term y(Rts) containe all forces other than the conlining force,

y(ncÐ=r irii'. (2.6)
í{j=t

The lleitler-lnndon method [l?l is basically a variational approach. We construcl

the 61uark wave function ú for II by taking the quark model [19'201 wave func[ion

for each nucleon and then ant,isymmeLnzn,all quark pairs from tlre l.wo clusl.ers. Tl¡is

wave function is a linear combinal,ion of the solutions of l,he unperturbcd (i.e- corrfining

force only ) system,

ù = Aliú¡úa ), (2.71

where 0¡,p are eingle nucleon wave functions of eq.(2.2), rl is the interclusl,er antisym-

metrizer36r6
A=l-tDnt+ t D PnP^n-Pl.PzsPss

i=t j={ l¡rn=I. t)n={

I D P¿i (l - P)-
i= l2tl j={5,6

(2.8)

The operator P¡ : PiiPí'P:i exchanges two quarks i and j, and P = PttPrsPlr-

interchangea two nucleons. lt is secn that, the total anl.isymmel.rized 6nuark wave

function satisfies the Pauli principle in both quark and nuclcon lcvels- As will be
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diecusged later, the quark exchange operatora in .Á gcner¡tc rich ¡tn¡ctures in the

resulting N/V potent,ial.

The full iViV potential from t,his model i¡ defined as the variational energy minus

the rest m¡u¡ser as in ref. [51.

Vnp =
< ,I,lä lú>

-2<ÚÅHt l,ú¡ >, (2.e)< ,Irl,t, >

In the above definition, we urEume thaü H and tú dcpend upon thc quark coordin¿tes

a¡rd the center of mass ceparation IÌ bctwæn the two nucleou¡. The quark coordinates

will be integrated out keeping trl fixed. The resulting Vu¡t ia a function of nucleon

center of mass separation ^R. A nice feature of the lleitler-london meùhod is th¿t the

iVff potenl,ial terms obtained from different quarkluark forces a¡e additive if one is

consistent in the choice of the unpcrturbed wave function lú >. Thia property enables

one to study the effects of different quarkluark interaction mechanisms separal,ely.

Following ref.[5], we separahe V¡¡¡¡ into three tyPes of interaction terms,

Vxx:Vt*Vz*V¡, (2.r0)

where

vr
I=F<

I
V2 < ü¡Eslå

^/

36
iÍ¡úslt D u.i(l - 9Pc6Xl - P)lú¡9a ),

i=t j={
(2.1I )

J
,")D',;+ I (l - 9P36)(l - P)lV¡úa )

i{j=t Lll=1

3

- ( ú¡l ! u¡¡l'ú¡ ¡, (2.12)
í{j=t

u,= *< ü¡úal (å,, -rc* . rg") (r -eP:o)(r - P)lvrús )

-2 <,r,rlÈ t,-Úulú^>, (2.13)
i=l

u¡¡ is the quarkluark interattion including the confining force, and /V is the normal-

ization function

lú =( úlú > . (2.14)

Of the three terms in %y¡,r, I/r includes various intercluster interactions and %

contains intracluster interactions. The tcrrn 73 oom€s from kinetic energy conl,ribul,ions
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which depend on the form of the nucleon radial wave function and have nothing to do

with the residusl quarkluark interaction studied here.

Ac mentioned e¡¡lier, /(Rts¡ is aseumed to inctude thc or¡c píon et'changc com-

ponent. Our purpocc here is to atudy the effects of thi¡ one pion ezchange piece. In

the followint we conñne oureelve! only to the OPE part in y(nEsl,

6

YoPE: å D ,,r1',
ilj=l

s(i¡¡) : 3(ø¡'í¡;X.¡'ñ¡¡) - a¿'cj r

(2.15)

where uf is the OPEP between quarka i and j,

uT = G;¡r¡r¡lv?'(.:¡lnro¡ * viF(r¡;)S(Í¡¡)1. (2.16)

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

(2.r7)

and

G¡i =lþ. t n'=nj=nr, 
Go- ++. (2.1s)

' - 41 4m;m¡ ' vu 
4¡ 4^,, .'

The pseudosc¿lar coupling constan[ gc, is relal,ed to lhe pseudovector coupling constarrt

fç by tlre equivalence theorem

Go:tL¿=+. (2.re)
4* 4mf, p2'

The relationship between quark-pion coupling constants and nuclcon-pion coupling

constants will be discussed later in scction 4. The radial functions in cq.(2.16) arc

given by

ul'(r¡¡)=ftå . 4r6(¡n¡;)le-"'¡ (2.201

and

ul"(r;¡)=Ç,*-*fu+.uful e-Yf i (2.2r)

where p is the pion mass. Unlike the one gluon ezchange force, the one pion ezchange lorc*

has no color dependence. This implics that the conl,ribution from the dircct in[erac-

tion term of ñg.la does not vanish. This property is crucial to produce thc long range

OPEP force of the lfiV interaction, which is observed experimentally. On tl¡c other
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hand, the one gluon ezchange affect¡ only the short range /Vff in[eraction because all

contributing terms involve quark exchange between two color einglet nucleons.

In the OPEP for point nucleons the contact term in the spin-spin force u, is usually

ignored by an ad hoc procedure, which basically saye that the short range meson

exchange potentials obtained by treating nucleono as point particles are not reliable.

This problem does not exist anymore when the substructure of the nucleon is taken

into account. The role of the contact term in the quarkluark OPEP will be discussed

later.

Since the OPEP ie color blind, the color dependence in Vrvr comes only from the

exchange operators P36 and P. The¡efore, the color parts of the matrix elements c¿n

be calculated before the potential terms are considered later on,

< G(A)Ç( B)lP"l.!,Ø,("(B) t= t, < G(,4)G(B)|På|C"(á)C"(B) t: å. Q.22)

After the cotor part is ãone, the nucleon wave functions lÚr > in eqs.(2.11) and

(2.12't can be replaced by its color independent part, namely

l0¡r >= lfrX-.-, ) .

Eqs.(2.11) and (2.12') then become

(2.231

I=F<

-a

Vlee O¡ealDtr,T(l - 3P*"Xl - P"')liÞ¡Qp ), Q.241
36

í=l i={

3

Vfne
I

/v
< eroall D,ff+ t ,if" (l - 3PS''XI - P"")IO¡<ÞB )

í¡lj=l

6

L{l=1

3

-<o¡l D rfilor> (2.25)

..riî;ll and(2.25) inLo analytic ivlv potenr,ial

funcl,ions is discussed in section 3.

3 Structure of the QOPEP

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

æchange and guarß -ezchanga As will be seen later, the quark-exchange-terms are
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short ranged while the nonluark<xchange terms have longer range to give the asymp-

Lotic OPEP. The nonluark<xchange terms are of the [orm,

t'r!"e'l = f .o¡Õsluff'(l- P"")l,D¡,Da >, (3.1)

the quark<xchange terms have an extra exchange operator -3Pff'

Vf.' =#.trtslufi'(-3PíJ'Xl -P")loroa )' (3'2)

The term

Vl'' =. o¡lufl*lÕr > (3'3)

representa corrections from the nucleon rest ma¡¡s.

With the help of eqa.(3.1), (3.2) and(3.3), and uaing the permutal,ion symmetries

of o¡ and iÞ8, vf ee and vroPE ca¡r be furl,her simplified to following forms,

vror" = gyrf'.) + y.g") + 4vl:4 * {v#'), (J.{a)

vror" = Avff + 4v,: + 6(v,9"1 - v!;tl. (3.4b)

Each term in the above equations is schemal.ically represented by a diagram in

fig.I. The reader shoutd bear in mind that the diagrams in fig.l are for classiñcation

of diflerent terms only and do not have the same mathema[ical contenl, as for tlrc

Feynman Diagrams in the field thcory. They basically represen[ the sl.ructure o[ lhc

matrix elements in the numerators of various terms in eqs.(2.24) and (2.251. Thc

quark exchange effect in the normalization function /V is noL fully reflected by thcsc

diagrams. These diagrams could be misleading, for example, one may tlrink l.hal.

the term represented by ñg.lg cancels out exactly. Bul, il. involves l.he normalization

function lV in Vr(iGl and hence quark exchange effects, which play an importanl, role

as will be secn later.

Now we find l,lre spin-isospin and radial sl.ructurc's of Lhe eight mal,rix elemen[s i¡t

eqs.(3.a).
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3.1 Spin-Isospin Substitution Rules

The epin-isospin matrix elements oÍ VroPE and VroPE car¡ be obtained by the well known

techniques of angular momentum recoupling as done in ref.[211. But the particular

symmetry of the quark model wave function for the nucleon ¡llows Eome elegant, and

eimple suôstdtutíon nilcs [5] to be applied to thic problem. The ¡esultr given here ¡re

confirmed by both methods-

The ess€ncc of the srabstílulion ntlcs ia to projecù thc quark rpin-isocpin degreec of

frædom onto nucleon epin-isospin degrees of freedom. With these rules one car¡ uEe

the expansion
I

Píí : ¡(t + r3-roxt * q.ø') (3.5)

and manipulate the quark spin isospin'operatora algebraically to find the corresponding

nucleon operatora. These rules are derived by requiring that the apin-iaoepin matrix

elements are the same when these operators act on quark or nucleon spa,c€E. Their

vatidity depends upon the spin-isospin wave function of l,he nucleon being the totally

symmetric quark modcl wave function of eq.(2.3). Table I lista all the rules needed for

the present calculation. Proofs for these rules are given in the Appendix.

To iltustrate tl¡e application of the rules in table l, we give two examplcs. FirsL

consider the single nucleon quark spin-isospin operator

c,.cz= i oioi. (3.6)
j=l

Using rule 5 one fìnds that it gives

I 3

6 Dt-zl: -r. (3.7)
i=l

For operators involving quarks from l,wo nucleons, one has to use the suóslilulíon niles

for each nucleon separaLely. Suppose nucleon A contains quarks (123) and B (456)' the

operator

(r¡'ra)(ø ¡aa)(r3'rrXor'tu): t oioirir!oi4'Î'! (3'8)
di,c,ô

should be replaced bY

t f {f;r,rr", - Zc¿¡rcn5,o'ntíù " }tf;c,;e ¿¿ - Zc¿¡,co¡,oiv'i) 
'

I
i j,a,b,q,r¡'3

(3.e)



according to n¡le ll. Sincc

D o"tt" - 267"
íi

one arrives at a epin-isocpin operator on the two nucleons A and B,

(3.r0)

(3.12f)

f; * ftr-r¡)(ø¡.o¡). (r.r r)

The preaence of the facùor t is becauee rules 5 a¡rd I I involve a summation oyer all six

possible quark pair combinaùion¡.

3.2 Spin-Isospin Structure of QOPEP

Applying the rules in table l, one obLaina the apin-isospin strucl,ure for the dírcct part

(that without the factor -P) of eight matrix elements in eqs.(3-1).

vs,'

v#'¡rc) = i#t'*(ffut^'ot+R.ls¡a), (3.12a)

$ þ - |{',.o * ,'t-o¡t+ fi{',.'e)t'^.ø)l - #,3 - #o'o)s¡a ,

' (3.12b)

v,f'i= + [i - ]k o + at.qt+ tfta."a¡1'^'"r)]+St]+ fr:-'ots¡a,

Aí.
/V

(q.rø + ørøal * 85

8l
(q'æ)(aroz

(3.12c)

#r,+r- *o.*)s^a,
(3.12d)

(3.12e)

)

v::"

vt"rt = *oi, ,

v$t't =+ þ * f;tr.æ * c^.oÈl+ ff{'r.'rx'..ø)l
vgt't =+þ * |tr. tÈ * ot.o¡l + fft',.' n\(at'o¿,] - #,ri = *

vlit = 5Rf2 ,

+
þ ,1

I+9

l¿'talsto ,

(3.12s)

(3.12h)

where R's and Q's are radial integrals depending only on the disLance trÌ bctwcc¡t two

nucleons. Ifs are nonluark-exchange and Q's involve quark-exchange. The radial

integrals wilt be calculated later in this section and we will also see that Virde'l = yj¡aFl.
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The above expreaeions do not include the nucleon exchange part (aignified by op

erator -P) of the matrix element. Bul due to the symmetry of the nucleon wave

function, the coresponding nucleon exchange counterparts of eqs.(3.12) have the same

spin-isospin structures a¡r the above but multiplied by a phase factor (-l¡t+s+r or the

operator

- Pi'E = -å(t * arqll(l * rr.rr). (3.13)

The forms of the radial integrals .fils ar¡d Q's are in general different with or without

the nucleon exchange. In the case of nucleon exchange the radial integtals are denoted

by fifs, Q"s *d Q'1, whose evaluation ie explained in the next ¡ubsection.

One can eee from eqs.(3.12) that the simple OPE interaction between quarks is able

to generate a¡r /ViV potential with richer ¡truclure tha¡r the aimple OPEP for point

nucleons. Central, isoscalar spin-spin and isoscalar tensor te¡ms are present. But

there is no spin<rbit interaction. Most of the terms affect the ¡hort range part of the

/V/V interaction as they involve quark exchange. One observes that eqs.(3.12) alwaya

contain the combination rt È * cto¡. The consequenoe of this symmetry and the

absence of the spin orbit interaction is that the radial dependence o[ tinglet<ven and

Lriplet<ven N/V poten[ials are lhe same.

3.3 Evaluation of the Radial integrals

There are two types of radial integrals, the dircct integnls are those that do not include

the nucleon exchange operaLor (-P''| but may have a quark exchange operator PS,

the ¿¡clron ge íntegnls are those that have l,he nucleon exchange operator (-P'). The

direct integrals are defined as,

Æi, =. ö^r')ösþ)lGouf(r ¡¡)löÁ")Öa(¡) >'

Qli =< öt(ùöø(,lt - fø,Tþ;¡)PíulöÁ,)ös(") ),

RT¡s 
^" 

:< öÁr)þs(z)lGovío'(r;¡lS rc(r¡¡)lC¡(")Ca(") >,

(3.laa)

(3.r4b)

(3.tac)

(3.t4d)I
GouÍt'( r;¡ ) 5¡s( r ¡¡ ) P$ lö Á") ó ø(' ) )'QIs^" --< öÁr)öa(")l

4
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The exchange integrals are defined eimilarly to the direct integrala but with an extra

nucleon exchange operator -P',

ß!r" =. ö^")ös(")lGoulP'(rrtX-P')ld¡(')ós(") >, (3'l5a)

Qif =< öÁ,1öB(rll- fø,Tþ¡;)P'",(-P')ló¡(¡)ós(') >' (3'l5b)

ftls^" =< ët("þ3(r)lGouÍ'('¡¡)S¡a(t¡¡x-P')lc¡(")ca(") >, (3.15c)

Q"{ S 
^a:< C¡(')CB(")l - lC*f*(r¡r')5¡s(r :¡l &(- P')|C¡(")óB(") >, (3'l5d)

where S¡a(r¡¡) ie the tenaor operator with quark coordinates r¡¡ and nucleon spin

operatore a¡ and ap,

s¡a(r¡¡) = 3(ø¡'Êir')(øs'i¡¡) - o rc B'

el.

(3.16)

The quark coordinates r¡¡ in S^e'i are transformed into internucleon scparation R

after integration.

Using the radial functions for nucleons A and B [5'16]

öÁr\ =
p"

r

p'
Í

t

"-*o'[{', 
- i *¡'+ ("- i n)'* (', -! R)'1,.'

u-lo'[1". 
- ån)'* (',+l R)'+ ('.+in)'] 

,

(3.17a)

ell
öa(r) = (3.r7b)

the radial integrals tt' and Q's can be evaluatcd straighLforwardly and cxpresscd

in terms of gaussians and complemenLary error functions. To simplify nol,ation anrl

sysl,emize expressionsr we defìne two functions, F5(e), for central lerms, and F7(c)'

for tensor Lerma. All radial inl,egrals can be expressed in [erms o[ thcrsc two funcLions,

wil,h the argument t being It Rlz, or 0. The functional form o[ Fs(") is given by

Fs(") = (#)"" "-\0"' ! "-lo'r'.z-2r'ztuoee(r)dr

: \ "-lo"' I u' o("1 - zP" E f-6- L '\/;.|' (3'r8)
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where ,3".(t) ia given by eq.(2.20). The fir¡t term comet from thc Yukawa ¡nd the

¡ccond term comes from the contact piece of the central potential u. in eq.(2.20). The

function Fr(") ia defined Es

Fr(¡)s¡¡(") = (#)"'' "-to'.o | "-*u'r" 
-zt'æt uor(r)5¡s(r)dr

where ,i*(") ia given by eq.(2.21). For the purpos€s of calcul¡tion, the quantity

uiF(r)S¡s(r) can be rePlaced bY

(ø¡.V)(oa'v)+ - o¡' o¿vf (tl.

The final form o[ Fr(") is given bY

Fr(") =\,-lp'' 
[,u, 

-++ 4)r(" ) +!sr"t - {lel,'- 3,] . (s.re)

In eqs.(3.18) and (3.19), the functions F(r) and 9(z) are deñned by

F(z): ,(#)''' | "-lo'r"-zr'ttê--Y' 
¿' , (3'20)

g(¡)=:"+",14
F(z) can be expressed in terms of 9(r) as

F(r) = g(") * g(-") .

Funcùions .Fr(") and Fs(¡) are relat'ed by

(3.22)

(3.23)

where S¡a(t) is Lhe tensor operaüor tn æ

S¡a(t) = 3(a ¡'ù)(n n'ù) - c A'c B'

For simplici[y we use tl¡c symbol fo to denote the quantity F5(r = 0)

) (3.21)

s¡s(i,\F7(xl*'",.o.oFs(") = (#)''" "-\u"' | " le'tt'-zr't'[,"'o,t *'vlîl æ'

: 1e-lo"' {9'l",^.æ)(øn-æ) - fl'l-r'Xø'9 + (ø¡'9(dl'')l + (o¡'vXo¡'v)} r(r¡

ro = rs(ol : It-,,' e*,,!,(fi1+ t[?.fllu' - P')l'

l3
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All radi¡l integralr a¡e expr€sed in term¡ of Fs a¡rd Fr ¿nd listed in table 2-

Before going on to thc numerical recultcr an exa¡nination of thc behavior of the

functions Fs(") and fa(a) can give a feeling of how different terma contribute. Aa

x -'-+ O, Fr(") gocs to ?Êto æ t',

Fr(") +ønsl.x¡r

The constant c¿n bc obtaincd analytically and expreased in terms of the pion masr p

and nucleon size parameter p. But the e:çression is lengthy and not illuminating and

hence not given here. For large z

F(")-g(')-?"+, (3.25)

so that

Fs(') -+e-tr'i.r(a)- +"#+, (r.26)

which goes like.a Yukawa, and

Fr(¡) -+"tîrt*å*#l (3.22)

which goes like the tensor part of the OPEP. With the help of 
"qr.1f.Z6-3-27) 

one

can see from table 2 that contributions to the long range ccnl'ral (tensor) parl come

from direcù terms Rt (ßt) as expected. Quark exchange terrns ol direct intcgnls, Qs

and QTrhave an cut-off factor e-l,p'n'. But nuctcon exchange terms ffs,Q's and

Q.Î have shorter ranges than any d,iæct íntegnls, duc to cut-off factors tike e-9tRt

ot e-*P'n'. Notice that integrals Q3¡ and Qzs have longer rantcs l,han other quark

exchange integrals due to the argumen| Rl2 in F¡ and F5'

The normalization fl , æ in ref. [Sl' is given by

/V : I -JCSTe-lp'n'+ 3Cs?(-l)s+r e-P'n'- (-l¡s+r.-ll'R', (3.28)

where the spin-isospin dcpendent constant Csz' has the values

7
=õ'

3l
rr = [Jr

I
to = -ú.Cæ C

l{

Cot: C (3.2e)



One can s€e th¡t N .-.+ I for large ß ar expected. But a¡ R + 0 the behavior of ff

depends on the iVlV spin-ieospin quantum numbera, namely,

n-{, 20

and

/v R{ *þ'R" l* (5,1) = (o'o)

#P'R' I* (S,r) = (1,l).
(3.30b)

The R¡ divergence for ainglet-odd and triplet+dd states is due to the antisymmetriza-

tion of the wave function, i.e., the Pauli principle. This divergenae of the normalization

function at small ß does not lead to a divergenae in the /V/V potential for odd parity

etates. In the matrix element¡ for the odd parity etates, the nucleon exchange term

and non nucteon exchange term ca¡¡cel at gma,ll R to give a ß2 behavior.

4 Results and AnalYsis

ln thie section we present and analyze the numerical results of the calculations discussed

in scctions 2 and S. We first oompare QOPEP wiùh the traditional meson exchange

potentials and then look at. the del,ailed dynamics of QOPEP.

There are no free parameters to adjust in this model, because the quark-pion cou-

pling conrúnt ,fq, and the nuclcon size parameter p can all bc derivcd from nucleon

properties. We take p-r = 0.5 /m which is a median value used in most of the

literature[I3,12,21. Since this model is somewhat similar to the chiral bag model pic-

ture, one would expect the value ol P'r to be smaller Lhan that in the naive quark

model. But here $,e are concerned mainly with the general behavior of the QOPEP and

slight variation of p does not alter the main features of the QOPEP. Corresponding

to the choice of spatial vyave functionc for the nucteon in eqs-(3.17), the quark pion

coupling constanü fet can be related to the nucteon pion coupling constant /¡v. by

examining the asymptotic behavior of the QOPEP and that of the OPEP for point nu-

cleons. For large fl onty one term dominates in QOPEP, namcly, V$"e') in eq'(3't2a)'

With the help o[ table 2 and eq-(3'26) one finds

O -tl)¿+Í. - -êro.tç - 2,5-

l5
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where f¡r, = 0'082 and P is the pion masa'

4.L comparison with meson exchange potentials

Fig.2 showr the total central and tensor potentials calculal.ed from eqs.(3.1a) and (3-1b)

for variou¡ iVff ¡tate¡. The QOPEP ie compared with three forms of meson exchange

potentiala: l) OPEP-FF which ic OPEP with a monopole form factor, 2) OPEP-PN

which ia juet the pure OPEP for point, nucleona, and 3) [he Paris potential[21. Âo seen

in fig.2, while all the tong range results a¡e the came as the well known OPEP-PN, the

ehort range behavior of the QOPEP exhibit¡ several interesl.ing features.

Firet, the central potential ie repulsive for r < 0.5 tm in all NIV staLes- This is

eupportive of the phenomenological repulsive core used in all meson exchange poten-

tials.

Secondly, the ainglet-€ven (triple[-even) central and l,he l,ensor potentials behave

much like a¡r OPEP-FF with a cut<ff mass of ?00 MeV for r ) | I^, which io in

line with the use of a sofl, pion form facl,or in meson exchange potentials as proposed

in ref.[11. Inside I l^, however, the results are diflcrcnt, wl¡ich is to be expected

sinc€ the rich sLn¡cture o[ the quark dynamicat modet can not be accounted for by a

simple form factor. Anol,her interesLing fea[ure wi[h tl¡c singlcl.<vcn (triplet<ven) 
.

central potenlial is Lhal, a medium range attraction o[ abor¡t 50 tr'tcV is produccd- This

medium range attiacl,ion in the /V/V system l¡as tradilionally bc''en a[tributed to [wo

pion exchange which is often represenl,ed as d meson excltange. ln this model we find

auch a force as a result of thc inclusion o[ nucleon substrucl'ure.

Thirdly, strong repulsion is found in singlet-od<l an<l triplet<dd states. On the

otLer hand OpEP-FF is al,l,ractive in these sta[es. tn vierv of tl¡c repulsive core used

in meson exchange potentials, we think the short range al.traction o[ the OPEP-FF

i¡ not a desirable feature. lndc.ed it is quite artificial, as the form facl,or 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' In fact

neither OpEp-pN nor OPEP-FF can give the short range repulsion for cll /V.lV slclcs,

but eOpEP does. This repulsion may offer an explanal,ion to the N - u coupling in
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the meson exchange models, where it ia considered to be too large - aboul, twice its

SU(3) value.

It is also shown in fig.2 that the overall behavior of QOPEP very much resemble

the cor¡esponding components of the Paria potential[2] in the parametrized form for

all /V/V etates.

4.2 Analysis of the dynamics of QOPEP

In order to reveal the detailed dynamics, we look inl,o various terms of eqs.(3.{a) and

(3.4b). Contributions from each individual term (figs.la-lg) are shown in fig.3.

Contributions to the shorù range repulsion mostly oome from the quark exchange

terms which can be seen in fig.3a-3c. One also sees from figs.3d and 3e that qtarÊ

ezchange tcrtns haue little efrecl on lhe lensor lorce and the total tensor po[ential

is determined by only one non-quark-exchange term Vrf;t'l. This explains why the

tensor force in QOPEP is so much similar to OPBP-FF. There are two reasons for this

suppression of tensor force in quark exchange terms. The firsù is the cancellation in the

spin-isospin cocflìcients which can be seen in eqs.(3.12). The second is the etructure

of the radial integrals. The function ^F¡(ß) peaks at about 0.8 fm and goes to zero

for z = 0. ßut cul.-off factors like e-f'nt dtop quickly Lozero al, intermedial,eranges,

making tl¡e whole intcgral small in both the short and mcdium ranges. This siLuation

doesn't happcn in Lhe cenLral terms since the function Fs(r) is finite at ¡ = 0.

The central singlet-even (triplet<ven) potential gets contributions from many

¿erms, mosL of rvl¡icl¡ arc repulsive. The medium range attraction for singlet-even

and triplet-rven sl.al,es comes from the i¡rüracluster term (y,ft') - Vl'l)- This term

is neglected in some calculal,ions[6,131 arguing that iù cancels oul, exacLly because it

is a nucteon self energy term. But this is correct only if thc total wave function Ú

in eq.(2.7) is not antisymmetrized with respect to quark pairs from different clusters.

This requircs zl = I in eqs.(2.8) and (2.7), which wor¡ld leave out cll the short range

dynamics. With total antisymmeürization of the 6-quark wave funcl.ion, frfere ís no

ezacl cancellalíon. Indc.ed one sees from eqs.(3.12h) and (3.12e) that at long distance

this term canccls oul,, but at tl¡e short distance, tl¡c cffccts of quark exchange from
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different nucleons in the normalization function make a eignifìcant conl,ribution to the

interaction process. We also find that the ùerm Vrlt'l repr.".nted by ñg.lc gives only a

negligible contribution in any atate.

One of the reason¡ for the repulsion in ainglet<dd and Lriplet-odd etates is the

ft2 divergence in the normalization function iV for these states, which is due to the

Pauli principle. For these stateo, QOPEP and OPEP-FF go in opposil,e directions al,

the ¡hort rante. As mentioned ea¡lier, OPEP-FF may not represent the complicated

dynamics at very short range¡. The main rea¡¡on for the QOPEP l,o be repulsive in

these states is again because of the quark exchange. One can see thal, quark exchange

ia really the key in producing the short rar¡te repulsion.

4.3 Origin of the repulsion and effects of the pion size

In /Vff OPEP the contact term is usually removed by the so called Poorman's procedure

or Bmeared out, by use of form factors. That problem does noL arise in this calculal,ion

since the nucleon is treated a¡¡ a composite particle. Dut since wc treal the pion as

a point particle, there is a contact term in the quark-quark pol.cntial u, of eq.(2.20).

Therefore Lhe problem of the pion size necds to be examined.

The eflects of Lhc contact term in u, and the pion sizc'are studied in two ways:

l) by ignoring ttre con[act piece in a way similar to tl¡e Poorman's procedure in NIV

OPEP, and 2) by applying a form factor at the quark-pion vertex. The resulLs are

shown in lìg.4, where the full QOPEP is compared wiLh tl¡e no-contacL-term and form

factor calculal,ions.

Dramatic clranges in the behavior of QOPEP are found. Withoul, [l¡c contact piece,

the potentials become ucry rocc¡t and altrcctioe at the sl¡orl, ralrge. 'l'l¡c contact forcc

basicatly det,ermines t,he central part of QOPEP. The importance o[ the ó funclion term

indicates tha[ in this rnodel the short range repulsion depcnds heavily on the nuclcon

wave function overlap at short distances. Thc fa.ct that thc finite size elTects of thc

nucleon dominate Lhe /V/./ interaction at short rangcs tclls us that many body ellects

are targe at these ranges. This may explain the need of phenomenological treatmcnts

required in many variaLions of meson exchange /VN potcntials.
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Two types of form factors used to incorporate the pion eize are given by

F(q') =

for the monopole form, and

F(q') =

for the square root form suggested in refa.[12,131 One can Eee from fig.4. that ühe

form factors make the predominant conüribution to the repulsion in the resulting /Vff

pol,ential. Their role is very aimilar to the contact term in the central QOPEP. But

unlike the contact force which affecte the central part only, form factors we¿ken both

the central and tensor parts. Aa the cut<fr ma¡s inc¡easea, the form factor results

approach the contact term results, which ir the limiting case for Â + æ. Thig is true

for both the total potentials and individual terms in eqs.(3.4). Therefore the QOPEP

with a point-like pion gives the ma¡ímum æ,pulsion. lt i¡ known that ¡.¡+xchange and

gluon exchange are needed to get the spintrbit, force, which also provide a good part

of the repulsion. The rote of the repulsion from quark-pion coupling need be examined

in conjunction with the o and gluon exchanges-

On the otlier hand, if one takes l,he short range repulsion as an indic¿üion of l,hc

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 oomment on the souroe of repulsion in the

OGE c¿lcutations. The OGE quarkluark potential contains a color Coulomb term

and spin-spin and central conl,act terms.

vf'": Ài-^rîtå -+Ttç,i) - +ó(ríi) + s.o. + tensorl ' (4.2)

Rased on l,he results of the present c¿lculationt one cian conclude that the repulsion in

OCE calculation is also from the contact piece, since at the ¡hort range the Yukawa

term in oPE and the coulomb term in oGE play similar roles.
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5 Conclusions and discussion

Our atudy of the effecte of the qudrk onepion ex,eJtange mechanism on the lV/V in-

teraction has led to several conclusions. We found thaü nucleon substructure has im-

portant implications on the /VlY interaction proc€ss. ln some crses meson exchange

potentials with sofü form factora generate similar dynamics to that given by the multi-

quark system in the aubnucleon level. This happened for the ainglet-€ven (triplet-even)

central force and the tenaor force in this c¿lculation. For odd parity states the OPEP-

FF gives ô very different potenl,ial form. Therefore, l,he use o[ form factore may no[

bc sufñcient to describe the complex quark dynamics at short ranges. Many body

effects may be responsible for the phenomenological parameters and even Bome cou-

pling constants in meson exchange models. More investigal,ion is needed to reveal lhe

quantit.ative oonnection between multiquark dynamics and l,hese parameters.

We also found several interesting features of the QOPEP. For all /ViV states the

QOPEP is repulsive at the ahort ranger which agreen with the traditional picture o[ a

repulsive core. The origin of the repulsion is l.he nucleon wave function overlap and

quark exchanges. The medium rante atl,raction is present in QOPEP, *hi.h is usrrally

paramctrized in term of ø meson exchange. ln Lhis qrrark pion coupling rnotlcl, thc

medium range attraction originates from exchange of quarks from the lrvo diflercl¡l

nucleons.

The qualil,¿tive characterisl,ics o[ QOPEP are found to be very similar to tl¡c ltaris

meson exchange potential in both central and tensor channels.

Compared wit.h the more sophistical.ed [tesonating Group calculations, l.lris local

potential modcl sacrificed the non-local interaction effecLs for a more transparent vierv

of thc inl,eraction process. Bas€d on tlre succ/e:is o[ the Ileitler-lon'don mctltod i¡r l.lrc

predicLion of the potentials between two hydrogen atoms[I7], we hope l,he this averagc

of non-tocalities does not affect the main conclusiorl of this study. One would expect

l,hat the iVlV inl,eraction is rnore complex than Lhe exchange of a pion by a pair oÍ

quarks. But the present calculation shows that il, could be a vcry importan[ part of

the flÀl interaction Process.
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Appendix: Proofs for Substitution Rules 11-13

The proofs for nrle¡ l-10 are given in ref. [51. Ilere we give thc proofe for rules ll, 12

and 13. Thi¡ is done by comparing matrix elements in both quark a¡rd nuclæn basea.

For rule ll, conaider the apin-isospin matrix element in the quark level,

e =< x^,,^,rloid"rr'rfl¡-.-, ), (A.l)

where X-.-, ir given by eq.(2.3). Thc productr of einglet and triplct apin isospin partr

w.r.t. the first pair of quarks ¡re usually denoted as p and I components of X-.-..

llence eq.(2.3) can be rewritten as

x-,^. =äln'(^,lv'(-,)+nfm,)pt(m,¡l ' (A'2)

where 7 is the spin wave function and p the isospin wave function. The matrix element

Q .u, then be expressed as

Q : l[. o'(-',)loi{l,r'(^.) >< ç'@)l'î'llp'(-,) >

+ < ?r(m',)loidrl,t^(-,) >< pr(-i)l'ídlet(m,) >

* 14'(m',)loi4lry^(-,) >< e'@i)lriltp^(-,) >

+ < r¡¡(m',)loioilrt'(-,) >< et(mi)l1i'jl,p'(-,) >l . (A-3)

Since spin and isospin wave func[ions have identical strucLures, it suflìccs to discuss

the isospin matrix elements only. Q involves four types of matrix clcments

Qt =1 ç'(^ìlrîtllp'(-,) >,

e, = <e¡(-:)l'i rlle¡(m,) >,

e, =< e\@)lrîrjlpr(-,) >,

Q, =< p'(rnl)lrirjl,pr(m.) > . (4.{)

To evaluaLe Q, - Q. it is hetpful to express g as linear combination of products of

the state of the pair (12) and that of the third quark. IÆt frr:.-,¡ dcnotc the isospin

states (t,r,*,r) of the quark pair (12)' i.e.,

{o,o: tþ¿-d'),
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ft.-t = dd,

(r,o=*(r¿*du),

€t,t = uu.

Then g can be decomposed as the following

e'G) = å(1"¿ > -ldu >)1" > = €o,olu ),

e'(+) = *(lr¿ > -ldu >)ld > = fo,old ¡,

er(å) : fttt"r, > *lduu > -2luud >) = ;l{e'rl, ) -{Xlrd r),

e^(ï) = fttt"rt> *ldud > -2lddu>) = ft(e,,.la 
, -{zer,ru >). (4.6)

Using these decompositions and the properties of rr' actint otr €r¡r,-,, md rj on u or

d, such æ tífop = fi(fr,-r - €t,r) and rf lu >= ld ) etc., one gele

Qr=0,
_,

Qz = t'r.r,
Q" = ftft'r* ic.¡rl¡),

and

Q. = Q! : å,n, - ic.çri,). (Â.?)

Taking in[o account the spin part' one finds Íor Q

q =f,t,,t, - |.,rr.,¿,ø'krft. (4.8)

The extra factor of 6 in rule I I comes from the summation ovcr 6 quarlc pairs.

Rules 12 and l3 can be obtain"d by simple algebraic manipulations using rules

l-ll. For rule 12 one can write,

È o'^ot^ofrir: : È o'^ø'^ri{ ("i - ol - oå), (4.9)
nlnll=l n¡Êrn=l

and then uses rules l-ll for the three [erms. Similarprocedure works for rule l3 but

Lhe algebra is more ledious,

JÐ

t oio'^of rirlrf = t øio'^ri{þf - ol- olyr;, - ¡i - rå). (4.t0)
n{rnll=l n¡Ara=l

Then rules l-12 can be applied l,o l,he nine terms above.

(A.5)
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Table l. Suôsliúu tíon Rules for Spin-isospin matrix elements. Operatore in the left

column ôre on the quark basie, the right column are the corresponding nucleon oPer-

atore. The indices n,mrl denote quarka, i,j,,t and c,ö,c label the vec[,or components

oføandrrespectivelY.

operators øn quarks operatots on nucteon

l)
3t

n=l
I ñ 3

2l
3

D "l'n=l
oþ

3

D t"'3)
n

t"¡¡

1)
3

D
n=l

oirÎ 5"io'i

5)
3

t o'^ot^
n#r¡=l

-26;i

6)
3

D oirl
tl rn=l

3"io'fr

7l
3

D oio,^ri
n¡Ém=l

3ó,;'ñ

3

8) D oiot^ri
nfnll=l

-f ó,¡'fr

3

9) t oiot^of
n#rrr#l=t

-2(6;¡o'i,t * 6 ¡ø'¡¡ * ór¡/¡¡)

3

l0) t oiø'^ofri
n¡Arall= I

- ! 6 ; ¡ o'i,¡ rf¡ * !6 ¡o'¡¡ r"r, * + 16 t;d, r'n

Ir)
3

D
¡*ra=l

ø'"ot^r:* 19 ó,¡ ó., - Zc¿;rcnsrolt:."n

3

t2') t oio!^of fir!
¡¡Årn ¡Ál=l

Jó.61Só;¡ø1, - 6 ¡oþ - 6udx) - Ze¿¡¡cn¿,r"¡¡

3

13) t oiot^of rirlrf
n¡Árn ¡Ál= I

$(ó,¡ó.rol fi¡ * 6¡6*o'xr[t + 6r¡6-d¡trhl

-Zc¡;ycnç- 3 [C"t"¡ (6,rdn, * 6t¡oþl

+ó-rir(ó¡¡ "h + ó¡røþ) f ó¡"rfi,(ó; irh + 6¡r"ir)
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Tcble 2. R¿dial lntegrals. The definitions of the integrals are given in scction 3.3,

where the functions F5(z), Fr(") ¿rid Fo are discussed in detail. The coupling conatanù

Go is given in eq.(2.19).

Direcl Intcgrols Etchange In|egrals

Central

IÌãß: Æf. = ßf. : GoFs(Æ)

Ri, = ú: GoPo ßïf=æ=-GoFoe-ll'n'
Qî"= Qf, = - Goe-ào'n'Po

Goe-lP'n'Fs(*)

I
a

;!
IQtt..

Af.

:Qå=-
: -lGo e-àP'n'r,'s(Æ)

Q3å = las¿-o'n'Fs(R)
eii : e.å : iGo "-P'^'F"(l)
eii:eîi:l?oe-n'n'po

Tensor

4: : GoFr(R), ie(123) and jc(456)

= 0, (íj)c(123) or (ii)c({56)
ftf =0, læ all (íj)

QTu=Q T
l2 =0

eT, = QT"= -2}oe-tzP'n'Fî(i)
nT --9vt{ - a

Goe-\P'ntf'T(Æ)

Q'Ã = lao¿-o'^' F'r(R)

Q.J = Q{ = l?o¿-o'n' Fr(+)

QiT=QiT:o
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FIGURE CAPTIONS

FlG.l. Diagrammatic representation of the seven terms in eqs.(3.4a) and (3-4b).

FIG.2. Total central and tensor potentials for various /ViV states.

solid linc: full QOPEP, dashed,line : OPEP for point nucleons, dotled lin¿ : OPEP

with ¡ monopole form factors with a cut<ff mass of 700 MeV. ddsh dotted linc : the

aorr€:rponding componer¡ts of the Paris pol.ential; where in fig.lb the dasl¡ d,ot d,ol dot

linc is for its (S=0, T=l) configuration-

FlG.3. Contribution from various [erme of fig.l (eqs.(3.1a) and (3.{b)).

solíd line: fig.la (gyrgt4), dotted,linc : fig.lb (y.f')), dashed,linc : fìg.lc (4y,1"!),

dash dot línc: ñg.ld,f (lyrf'l), dash dot dot dot linc : fig.le (4yttr'), long dashed,

tine; ñe.ls [6(Y,f*l - v'!t)1.

FIG.4. Effects of finite Pion size-

solíd, Iine: full QOPEP, dorhrd líne z QOPEP with a square root form factor for

quark-pion vertex with a cut-olT m¡lss 1.5 GeV, dash dotted' Iíne.:.'QOPEP with a

monopole form factor for quark-pion vcrtex wi[l¡ a cut-off mass 1.5 GeV' dotled line

: QOPDP witlrout the contact lerms in u, in cquation (2.20).
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