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Abstract 

We calculate KN elastic scattering phase shifts at Born order in a quark 
interchange model with one-gluon exchange and linear scalar confinement. 
We find that quark-gluon forces are insufficient to explain the experimen­
tally large spin-orbit interaction, especially evident in the P-waves. DN 
scattering amplitudes are simply related to the KN amplitudes, the only 
new parameter being the charm quark mass, and phase shifts for DN scat­
tering are calculated. No DN bound states are found. Phase shifts for K* N 
elastic scattering are calculated, and the formalism developed may be eas­
ily generalized to the scattering of hadrons of arbitrary spins. Inelasticities 
in KN scattering are large experimentally, and as a first step toward in­
cluding the inelastic contribution to the elastic scattering phase shifts we 
compute the KN ➔ K* N scattering amplitudes. Finally, we develop the 
model for J /1.p-nucleon scattering and calculate cross sections for the reac­
tions J /1.p ➔ 15°"£t, 15° At, and n-*"£t+. 
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1 Introduction 

1.1 Prologue 

Despite widespread acceptance of quantum chromodynamics (QCD) as the 
theory of the strong interaction, our knowledege of QCD's predictions for 
hadron properties and interactions is extremely limited. We can hardly be 
satisfied with our understanding of hadron physics when we do not even 
know the physical states of the theory. QCD allows a perturbative solution, 
as is the method for precision tests of QED ( quantum electrodynamics), only 
for high energy processes and so-called hard processes, where the coupling is 
weak. It is prohibitively difficult to solve QCD in the strongly coupled, non­
perturbative regime which governs hadron spectra and soft processes. There 
are perhaps two important approaches for dealing with this situation. The 
first is to reformulate the theory on a space-time lattice. Lattice gauge theory 
(LGT) allows numerical calculation of QCD quantities from first principles 
and is the most promising approach for the long term. Progress, however, is 
slow because of the technical complexity and the large computing capacity 
required. The second is to develop QCD-inspired models. (Other methods 
such as QCD sum rules, large Ne QCD, and effective field theories can also 
provide insight but are not expected to be as widely applicable.) There exist 
many specific quark models but they generally share the same basic ingre­
dients, which are motivated by QCD. The constituent-quark model (CQM) 
has been applied to a wide range of hadron phenomena with many suc­
cesses. "The constituent-quark model offers the most complete description 
of hadron properties and is probably the most successful phenomenological 
model of hadron structure" [39]. The spectra and static properties of mesons 
and baryons are generally well described in this model, as are their strong, 
weak, and electromagnetic decays. It is therefore interesting to investigate 
its extension to hadron scattering. Scattering is, after all, the experimental 
arrangement by which we study hadrons. 

It would be invaluable to have a consistent quark model description of 
hadron scattering. Although in principle it is possible to calculate any mea­
surable quantity in LGT, we are a long way from lattice calculations of scat­
tering [80]. LGT has been used up to now mainly for the calculation of static 
properties and ground state spectra. Calculations of excited state spectra 
have only recently been performed. Furthermore, LGT provides only numer­
ical results with no direct physical insight. A quark model description of the 
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strong scattering process would make definite predictions for scattering am­
plitudes and would allow physical interpretation of the mechanisms involved 
in specific channels. The list of applications is long and includes searches for 
nuclei and hypernuclei, modeling stellar interiors, interpreting CP violation 
through final state interactions, and interpreting J /'Ip-production suppression 
as signature for QGP in relativistic heavy-ion collisions. It would be satisfy­
ing if the same forces which are responsible for hadron masses also give rise 
to hadron scattering dynamics. We would then have a unified description of 
hadrons. 

We take the nonrelativistic quark potential model (NQPM) as our start­
ing point. There are many possible criticisms of the nonrelativistic quark 
model. Indeed, the world is known to be relativistic, so why should we even 
consider a model that is not relativistic at the outset? The main reasons are 
its previous successes and its relative technical simplicity. The NQPM has 
been successful in describing, at least qualitatively, a very wide range of phe­
nomena. One of its great strengths is its consistent treatment of phenomena. 
Although admittedly coarse, it nevertheless has provided a "recognizable 
portrait" [36] of many aspects of hadron phenomenology. It is natural to 
suppose therefore that the NQPM contains much of the correct physics. For 
calculations of spectra, the nonrelativistic approximation is expected to be 
more applicable for heavy quarks. Light quarks are known to be relativistic 
in hadrons, yet the nonrelativistic model works surprisingly well for light 
quarks as well. It is an open and interesting question as to why a nonrel­
ativistic model should work so well. Attempts to relativize the model are 
fraught with technical difficulties and typically fail to find better agreement 
with experiment than the naive NQPM. For these reasons, the results of the 
nonrelativistic scattering calculations should be pursued first. In order to 
elucidate the connection between NQPM and QCD it is important to test 
the extension of the NQPM to other aspects of hadron physics, in particular 
scattering. It is important to know where the NQPM works and where it 
fails. 

There are different mechanisms at work in a hadron scattering interac­
tion. Valence annihilation and s-channel resonance formation is known to be 
the dominant process when allowed. Pion exchange, when allowed, generally 
dominates the long distance behavior, as it clearly does in N N scattering. 
It is unlikely, however, that meson exchange is the scattering mechanism at 
short distances. It is difficult, for instance, to conceive of a physical meson 
being exchanged between nucleons whose wavefunctions are overlapping. Is-
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gur has argued that the appropriate degrees of freedom at this scale should 
be the quarks and gluons. The repulsive core has been derived in the quark 
model from the spin-spin hyperfine interaction arising from one-gluon ex­
change (OGE) followed by quark interchange . The other OGE interactions 
(namely spin-orbit and tensor) are assumed small, and there is one calcula­
tion by Faessler [72] which reaches this conclusion. The transition between 
the short and long distance components of N N scattering is unclear. In 
the Yukawa-type models, the intermediate range attraction is traditionally 
ascribed to the exchange of a light scalar-isoscalar meson, referred to as the 
a, but no evidence for such a resonance has been found in the 1r - 1r S-wave 
system, and Faessler argues that the exchange of a correlated 1r - 1r in rel­
ative S-wave between nucleons leads to a repulsive rather than attractive 
interaction [73]. It is important to understand the role of the quark-gluon 
degrees of freedom in the N N scattering problem. Isgur has called the spin­
orbit problem in N N scattering the 'Holy Grail' of quark model scattering 
calculations. 

KN scattering is ideally suited for studying the origins of the nonresonant 
'nuclear' force. Conventional s-channel baryon resonance production is ex­
cluded because the nucleon contains no s-quark to annihilate against the s of 
the kaon, and OPE is forbidden because of the vanishing three-pseudoscalar 
vertex. We may therefore study the nonresonant part of hadron scattering 
in relative isolation, uncomplicated by OPE. In this work we calculate KN 
phase shifts at Born order in a quark exchange model with OGE and lin­
ear scalar confinement. The Born approximation is expected to be a good 
one since the interaction is known experimentally to be only mederately 
strong. The dominant hyperfine term has given very good results in S-wave 
for I= 21r1r [67], I= 3/2K1r [68], and I= 0, 1 KN [69] and NN [70] scat­
tering. Here we include the spin-orbit and subdominant spin-independent 
contributions and give results for higher-L waves. KN scattering is an excel­
lent place to test our model because data exists and there is a large spin-orbit 
effect evident in the P-waves. Understanding the spin-orbit effect here will 
motivate predictions for other hadronic interactions. The quark model calcu­
lation of KN scattering is a natural step toward the more combinatorically 
complicated N N calculation. 

The effect of the spin-orbit interaction in hadron phenomenology is inter­
esting for several reasons. The spin-orbit force is intimately connected with 
the Lorentz nature of the confining interaction. It is well known that scalar 
confinement is preferred in the meson spectra because the Thomas preces-
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sion spin-orbit interaction arising from OGE in a scalar confining potential 
is inverted, and so partly cancels the 'ordinary' spin-orbit force due to OGE. 
The net spin-orbit splittings are then small, as observed experimentally. The 
baryon spectra have a well known "spin-orbit problem" because of three-body 
spin-orbit forces. The OGE and confinement spin-orbit effects approximately 
cancel as in the mesons but there seems to be no way to arrange a cancellation 
for these three-body forces, which give large splittings, in disagreement with 
the observed small splittings in the baryon spectra. Isgur and Karl's origi­
nal treatment left spin-orbit forces out altogether as a first approximation, 
suggesting a more thorough treatment of spin-orbit forces was necessary to 
resolve the problem. Capstick and Isgur [37] have suggested that relativistic 
effects may enhance the size of the spin-spin relative to the spin-orbit inter­
action. Page et al. [42] have shown that the near perfect cancellation of OGE 
and Thomas precession spin-orbit interactions in heavy-light quark systems 
may arise from a symmetry of QCD and so may not be a numerical accident. 
Isgur [44] has shown that the three-body spin-orbit force for Aq states is a 
pseudo-two-body effect and does exhibit meson-like cancellation. The spin­
orbit problem in hadron spectroscopy is an area of active interest. We feel 
it is valuable and complementary to investigate the spin-orbit interaction in 
hadron scattering in the NQPM. 

We can readily apply our KN scattering calculation to D N scattering. 
All that is required is to replace the strange quark with a charm quark. 
Knowledge of vacuum DN scattering amplitudes is important, for example, 
for understanding open-charm hadronic interactions in relativistic heavy-ion 
collisions, for example. 

Since the S-wave phase shifts found previously have good agreement with 
experiment in the cases where data exists, we can make useful predictions 
for other S-wave scattering interactions that are not directly accessible to 
experiment. We will apply the model to compute cross sections for J /'1/J N 
scattering and related channels. This calculation requires a generalization of 
the model. The charm baryons produced in the final state of such processes 
contain one heavy (charm) quark and two light quarks, so it will be necessary 
to use asymmetric wave functions for these baryons. The previous calcula­
tions involved only the symmetric nucleon wave function. It is essential to 
know the size of these cross sections in order to understand charmonium­
nucleon interactions in hot, dense media, as occur in heavy-ion collisions. In 
order for a suppression in the rate of J /'1/J production to be interpreted as 
a signal for the QGP, we must be able to rule out the possibility of signifi-
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cant charmonium dissociation from inelastic scattering in the collision region. 
This reqiures knowledge of J /'¢ N cross sections as we calculate here. 

1.2 Quantum Chromodynamics 

Quantum chromodynamics (7, 8, 9] is the gauge field theory of the strong 
interaction between colored quarks and gluons and is one component of the 
SU(3)c 0 SU(2)L@U(l)y Standard Model of particle interactions. It is con­
structed in analogy with the spectacularly successful theory of photons and 
electrons, quantum electrodynamics (QED). In QED, photon exchange medi­
ates the electromagnetic interaction between charged electrons (or positrons). 
The photons are the massless quanta of the electromagnetic field. Their ex­
istence is required, and the form of the interaction between them and the 
electrons prescribed, by the principle of local gauge invariance. The QED 
Lagrangian is invariant under a local U ( 1) gauge transformation of the fields, 
and the modern viewpoint is that physically relevant field theories are locally 
gauge invariant. 

The choice of the theory of the strong interaction is well understood with 
reference to the early quark model, which has its origins in the observations 
by Gell-Mann [16] and Ne'eman [17] in 1961 that the then known hadrons 
seemed to be arranged according to their quantum numbers in certain rep­
resentations of the group SU(3). In 1964 Zweig (19] and Gell-Mann [18] 
proposed that the hadrons could be understood as composites of fractionally 
charged spin-1/2 'quarks' (Gell-Mann) or 'aces' (Zweig) of three flavors: up 
(u), down (d), and strange (s). Mesons were postulated to be composed 
of a quark-antiquark pair and baryons were assumed to be made of three 
quarks. This early model successfully related static properties like magnetic 
moments in terms of spin-flavor matrix elements and explained the observed 
pattern of states. The nonobservation of quarks, however, made it difficult 
for many to believe in quarks as real objects; they seemed merely a conve­
nient bookeeping device. It was not understood why only representations 
corresponding to qq and qqq should be realized and not others, particularly 
the fundamental representation q. There was also a statistics problem. The 
quarks, being fermions, should obey Fermi-Dirac statistics in baryons, yet the 
baryon spectrum seemed to indicate symmetric wavefunctions. The ~ ++ is a 
simple example; its aligned spins, uuu flavor content, and zero orbital angu­
lar momentum clearly make it symmetric in spin, flavor, and space quantum 
numbers and therefore symmetric overall. To solve the statistics problem it 
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was postulated (20, 21] that the quarks carry an additional internal quantum 
number now realized as color with respect to which the baryon states could 
be antisymmetrized, thus making them totally antisymmetric as required by 
the spin-statistics theorem. The simplest model is to presume that quarks 
come in three colors, i.e. to assign them to the fundamental triplet represen­
tation of a new internal SU(3)c symmetry. The three quarks in a baryon are 
in the antisymmetric color singlet state. The antiquarks should be assigned 
to the conjugate representation of SU(3), so the qq pair in a meson can be in 
a color singlet state as well. In fact these are the only simple combinations 
that can be color singlets. The other possible combinations are multiples 
of these states, eg. qqqq. With the postulate that only color singlets can 
be observed in nature, the color hypothesis could simultaneously solve the 
statistics problem and 'explain' why mesons and baryons are the only quark 
combinations seen. Isolated quarks thus cannot exist; the quarks are confined 
within hadrons. 

Further evidence regarding the internal constituents of hadrons came from 
deep inelastic scattering experiments at SLAC in the 1960s (84]. There a 20 
GeV electron beam was incident on a hydrogen target. Substantial rates for 
hard scattering events were observed in the deep inelastic region of phase 
space, in which the electron breaks up the proton producing many outgoing 
hadrons in the final state. The proton behaves in these reactions as if it were 
composed of essentially free pointlike constituents, called 'partons' in the 
parton model of Bjorken and Feynman (85, 86]. The parton model was also 
motivated by the observation that in high energy hadron-hadron collisions, 
many pions are produced with momenta nearly parallel to the collision axis. 
The limited transverse momenta of the final state particles in such processes 
indictates that the constituents in the proton appear to be loosely bound. 
A more quantitative test of this notion came in the observation that the 
measured structure functions of the proton in deep inelastic lepton-hadron 
scattering depend on the momentum transfer Q2 = -q2 (> 0, since q is space­
like) only in the dimensionless combination ~ (where Pis the total proton 
momentum), as was anticipated by Bjorken [10]. This 'Bjorken scaling' indi­
cated that interactions between the proton constituents were neglibible over 
the short time scales associated with the electromagnetic scattering. If the 
partons are to be identified with the quarks, then a successful theory of the 
strong interaction between quarks should somehow account for their apparent 
freedom at short distances as well as their confinement. 
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The coupling constant in a quantum field theory must be renormalized, 
and the effective coupling depends on the distance scale. In QED, the cou­
pling increases with decreasing distance (increasing momentum transfer) be­
cause the QED vacuum is a normal dielectric. A bare charge polarizes the 
surrounding virtual e+ e- pairs, which exist as a result of vacuum fluctuations, 
and hence is screened at large distances. At shorter distances, a test charge 
is less screened by the virtual cloud and feels more of the bare charge, so that 
the effective coupling is greater. In some field theories, the effective coupling 
has the opposite behavior, increasing at large distances and becoming weak 
at short distances. This feature, called 'asymptotic freedom,' is apparently 
required for the theory of the strong interaction. 't Hooft, Politzer, Gross, 
Wilczek showed that the only asymptotically free theories in four dimensions 
are the non-Abelian gauge theories [?]. It remained only to determine the 
symmetry group, and SU(3)c emerged as the natural choice after theories 
built on flavor symmetry were ruled out. Demanding the QCD Lagrangian 
LQCD to be invariant under local SU(3)c transformations requires the exis­
tence of the massless gluons, the quanta of the color field, and determines 
the form of the interactions. 

The QCD Lagrangian is 

with field strength tensor 

(2) 

and covariant derivative 

(3) 

where the { qi} are four-component Dirac spinor fields for the quarks of flavor 
q and color i and the { A~a)} are the eight gluon fields. The { ,\fi} are the 
generators of SU(3), the {!abc} are the structure constants of the SU(3) 
algebra, and g is the strong coupling constant [65]. 

The last term in the field strength tensor F:v is present because the 
local SU(3) symmetry is non-Abelian. It gives terms in CQcD trilinear amd 
quartic in the gluon fields, corresponding to three- and four-gluon vertices. 
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Such terms do not occur in the Abelian theory QED; there are no vertices in 
.CQED involving only photons. Thus gluons are quite different from photons 
in that the former interact with each other whereas the latter do not; gluons 
carry color but photons do not carry electric charge. This feature makes 
the theory nonlinear and has profound consequences. The virtual qq pairs do 
screen a bare color charge, analagous to the charge screening in QED, but the 
gluon self-interactions give rise to an antiscreening effect which dominates. 

The effective QCD coupling constant a 8 = g; / 41r is governed by the /3-
function, and its dependence on the energy scale Q2 can be parametrized 
approximately as 

2 47r 
as(Q ) = (11 - in,) ln (Q2 / A2) (4) 

where A~ 200MeV sets the QCD scale. This expression clearly shows that 
the 'running coupling constant' is weak at large momentum transfer and 
becomes strong at small Q2 . Perturbation theory will only work when the 
coupling is small, which corresponds to energies of approximately 1 GeV or 
greater. The increasing of the coupling at large distances is inherently a 
nonperturbative effect and is thought to lead to confinement, although it has 
yet to be shown that confinement follows rigorously from QCD. 

Although the QCD coupling vanishes asymptotically, it is still nonzero 
and finite at at any finite distance, and hence a deviation from strict Bjorken 
scaling is expected. QCD predicts a slow, logarithmic evolution of the par­
ton distribution functions, and the observation of violation of Bjorken scaling 
in just this manner is strong verification of the theory. Further verification 
comes from tests of perturbative QCD, some important processes being T de­
cay, heavy quarkonium decay, e+e- annihilation to hadrons, and high energy 
hadron-hadron collisions. Often there are perturbative and nonperturbative 
parts to a given process. In high energy hadron-hadron scattering, for exam­
ple, the parton process is perturbativley calculable but the relation between 
the partons and the produced hadrons is described by structure and frag­
mentation functions which must be taken from experiment. Hadronization 
is an important part of inelastic processes and is a highly nonperturbative, 
noncalculable effect. 

A second qualitative difference between QED and QCD involves the na­
ture of the force between two sources. The flux lines of the electromagnetic 
force between electric charges are spread out, whereas the gluon self-couplings 
cause the flux lines of the color force between color charges to condense into 
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stringlike configurations [12, 13]. As the quark and antiquark of a meson 
are pulled apart, the energy density of the color flux between the two re­
mains essentially constant. It becomes energetically favorable for the string 
to break, producing a qq pair somewhere in the middle. It is in this manner 
that color is confined; in trying to remove a quark from a meson we obtain 
two qq mesons rather than isolated quarks. 

The color singlet mesons and baryons are thus the low energy states of 
the theory. Color singlet multiquark states ( eg. qqqq or qqqqq) tend to fall 
apart into ordinary hadrons, for instance in nuclei, because it is energetically 
favorable to do so. A color singlet state may also be composed entirely of 
gluons, and since the gluons interact with each other these 'glueballs' are 
expected. So far there is no unambiguous proof that any of the known states 
are glueballs although there are several candidates, the most likely being the 
scalar / 0(1500) [66]. 'Hybrids,' which contain both valence quarks and gluons 
in color singlet combinations like qqg and qqqg are also possible. The flux 
tube model describes such hybrid mesons or hybrid baryons as having an 
excitation in the string of gluon flux binding the quarks [87, 88, 89]. ,0(1600) 
and ,0(1400) are possible hybrid mesons [39]. 

1.3 Quark Model 

The discovery of the J/1/J simultaneously at SLAC and BNL [2, 1] was quickly 
interpreted as the discovery of a cc bound state, c being a fourth quark flavor, 
charm. This convinced almost all physicists that quarks were real, and other 
members of the cc family were subsequently found. Quark potential models 
incorporating asymptotic freedom and confinement, qualitative features of 
QCD, were able to reproduce the charmonium spectrum rather well [29, 30, 
31, 32]. DeRujula, Georgi, and Glashow [28] showed these ideas could be 
applied to light quark spectroscopy. They argued that the effective short 
range force between quarks arises from OGE and is Coulomb-like at short 
distances, while the long range confining forces should be independent of 
quark spins and masses and depend only on the spatial separations of the 
constituent quarks. The confining force is typically taken to be a Lorentz 
scalar. 

The basic idea of the simplest version of the quark potential model is to 
assume the spin-½ quarks in hadrons are bound by this Coulomb-plus-linear 
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quark-quark potential 
4as 

V,- = ---+br 
qq 3 r (5) 

(mesons) with phenomenological coupling constant as and string tension b. 
Fits to light quark spectroscopy (u,d, ands quarks) require as~ 0.6 and b ~ 
0.18 GeV2• The charmonium spectrum requires a slightly reduced as ~ 0.4 
and the bottomonium spectrum uses as ~ 0.15. The wave function length 
scales of qq systems decrease with increasing quark mass, so heavier quarks 
require smaller values of as due to antiscreening effects. The energy levels and 
wavefunctions may be determined by solving the Schrodinger equation or a 
relativized Schrodinger equation, or by solving the Bethe-Salpetre equation. 
This elucidates the spectroscopy, and the wave functions can then be used 
to calculate matrix elements for transitions. 

The OGE amplitude leads to spin dependent interactions as well, namely 
spin-spin, spin-orbit and tensor. The O(P2 /m2 ) reduction of the OGE ampli­
tude gives the analog of the Fermi-Breit interaction, well known from atomic 
physics, times a color factor which is -4/3 for color singlet qq in mesons 
(this factor appears explicitly in Eq. (5)) and -2/3 for qq in baryons. The 
spin-dependent part of the qq Hamiltonian has the form 

(6) 

where 

is the color hyperfine interaction, 

(8) 

is the color magnetic OGE spin-orbit interaction, and 

(9) 

(V(r) is the qq potential) arises from Thomas precession of the confining 
potential [39]. 
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This form of the qq interaction has direct support from the lattice. The 
QQ potential between infinitely heavy quarks can be calculated on the lat­
tice by evaluating the expectation value of the Wilson loop for fixed quark 
positions, and the result is indeed Coulomb-like at short distances and linear 
at large separations (see for instance [43]). Values for the coupling a 8 and 
the string tension b can be extracted and agree with the values obtained 
from spectroscopic fits. The spin-dependent potentials can be determined by 
expanding the Wilson loop to order v2 / c2 and agree reasonably well with the 
spin-dependent potential arising from OGE [3, 4, 5, 6]. 
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2 KN Elastic Scattering 

2.1 Introduction 

Kaon-nucleon (KN, as distinct from KN) scattering is interesting experi­
mentally because of the possible existence of Z* resonances. These resonances 
must have some flavor-exotic q4s structure if they exist, since a three-quark 
system cannot have hypercharge = 2. Searches have been made since the 
early 1960s, and although candidates have been announced the results are 
inconclusive. Different analyses have drawn different conclusions as to which 
channels contain Z* resonances, and in general multiple solutions which fit 
the data are possible. Typically the evidence of a given solution is incomplete, 
so for instance some counterclockwise resonance-like motion in the Argand 
diagram may not be accompanied by any sharp variation with energy of the 
speed plot dT / dE or any peak in the cross section in the same energy range. 
It may be difficult to distinguish between moderate to strong attraction and 
the existence of exotic Z* resonances in a given channel. There may be some 
dynamical mechanism by which the resonance-like nature of these reactions 
arises. It is well known, for instance, that the rapid opening of an inelastic 
channel can simulate a resonance, and the inelasticities are known to be large 
in KN ( as is evident in the Argand plots of KN scattering amplitudes). It 
is clearly of interest to calculate the KN elastic and inelastic scattering am­
plitudes at Born order in the constituent quark interchange model to see if 
attractive forces support bound states. The Born approximation is expected 
to be a good one since the KN interaction is known experimentally to be 
only moderately strong. The dominant hyperfine interaction has been calcu­
lated in this model for 1=2 1r1r, 1=3/2 K1r, KN, and NN scattering and has 
given good results in S-wave, so there is reason to believe that we can make 
accurate predictions for KN scattering using the full OGE plus linear scalar 
confinement interaction. 

KN elastic scattering is interesting in its own right for several reasons, 
the most significant being its large spin-orbit effect which is evident exper­
imentally in the P-waves. KN scattering is almost entirely elastic below 
the K ~ threshold. Since KN elastic scattering data exists, this reaction 
is the ideal place to test whether our method can give correct results for 
the spin-orbit interaction, and for the higher-L channels in general. We are 
interested to know if we can understand the origins of the nonresonant "nu­
clear" force from the more fundamental quark and gluon interactions. If we 
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have included the most important physics in our model, we should find good 
results for higher-L KN partial waves. The model can then be extended to 
the spin-orbit force in N N scattering. We proceed first with a calculation of 
the KN elastic scattering amplitudes and phase shifts. 

There are some basic experimental features which are generally agreed 
upon. The I=l channel is relatively well determined from K+ P scattering. 
In L12J notation, the Su and Pu channels are repulsive and the P13 channel 
is attractive. I=0 is more in doubt because of inherent difficulties of the 
experimental analysis. The I=0 KN scattering amplitudes must be extracted 
from K 2H scattering, using a model of deuteron breakup and form factors. 
It is clear, however, that the P01 channel is strongly attractive and may 
support a Z* resonance. Inelasticities are also known to be important above 
the inelastic thresholds. K fl (I= 1 only) opens at Piab = 0.870 Ge V and K* N 
opens at Piab = 1.075 GeV. K* fl opens somewhat higher. 

2.2 The Calculation 

2.2.1 Hamiltonian 

The fundamental interactions in hadron-hadron scattering are between the 
constituents, especially between quarks. Pairs of quarks interact in our model 
by exchanging a single gluon, and through a linear scalar confining interac­
tion. We have thus included two important qualitative features of QCD: It 
is perturbative at short distances and is confining at large distances. In the 
perturbative regime OGE should dominate the interaction, so it is natural 
to include it; the OGE interaction should still be large at the intermediate 
distances we are considering. Confinement is known to be a nonperturba­
tive phenomenon, which we model as a linear scalar interaction. There is 
evidence from LGT that the confining interaction is linear; the potential en­
ergy between a qq pair grows linearly with their separation on the lattice. 
The quark-quark OGE T1i is derived as the nonrelativistic reduction to order 
P 2 /m2 of the Feynman amplitude for two quarks to exchange a gluon, with 
phenomenological strength a 8 • The result is the usual Breit-Fermi Hamil­
tonian, which is well known from atomic physics and which includes the 
spin-spin hyperfine interaction as well as Coulomb, spin-orbit, tensor, and 
spin-independent contributions. The confining interaction is the reduction 
of the amplitude for a scalar interaction with strength b (the string tension) 
between a pair of quarks, and yields linear and inverted spin-orbit contri-
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butions, as well as smaller spin-independent terms. The momentum-space 
quark-quark Tti we consider (with color factors removed) is 

T qq(.... .... .... ) 
fi Q,P1,P2 = 

for quarks with initial momenta k1,2 , final momenta kb, and spins s1,2 , 

where 

PI 

P2 

q 

k1 + k~ 
2 

k2 + k~ 
2 

k~ - k1 = k2 - k;. (11) 

The terms in Eq. (10) correspond respectively to the spin-spin, Coulomb, 
linear, OGE spin-orbit, confinement spin-orbit, and tensor interactions. 

For the general two-body scattering process AB---+ CD we partition the 
Hamiltonian into a part H0 which includes interactions between quarks in 
the same initial hadron and the kinetic energies of these quarks and a part 
Hint which includes interactions betwen quarks initially in different hadrons. 
We have 

where 

A '°' ll2 
2 Ho = - L..... -2 2 v'i + 

iEA mi 

14 

i,j EA 
i<j 

H QiQj 

fi 

(12) 

(13) 



(and similarly for Hf), and 

I: 
i EA 
j EB 

H QiQj 

Ji . (14) 

The scattering in this model arises from the interactions between quarks 
in different hadrons, i.e. from Hint· At Born order the interaction must be 
followed by quark interchange so that the hadrons C and D emerge as color 
singlet states. The Born scattering amplitude is given by the matrix element 
of Hint between external hadron states which are eigenstates of the respective 
free Hamiltonians. 

(15) 

where 
(16) 

and similarly for B, C, and D. 

2.2.2 Post-prior Ambiguity 

It is possible to partition the Hamiltonian so that the final states C and D, 
instead of the initial states A and B, are diagonal on H0 • The remaining 
terms then comprise a CD interaction Hamiltonian which we call Hf;:tt since 
this interaction follows quark interchange. This describes the scattering as 
due to interactions between quarks in final state hadrons instead of initial 
state hadrons. In the original partition the interaction preceeds quark in­
terchange. Thus there are two possible partitions with different interaction 
Hamiltonians, 

H =(Ht+ Hf)+ Hf;;or 

H = (He+ HD) + Hpost 
0 0 mt · 

(17) 

(18) 

This is the post-prior ambiguity. It can be shown that Hf;:tt and Hf;;or give 
the same matrix element between external hadron states, provided these 
states are indeed eigenstates of the respective free Hamiltonians. Since we 
use approximate wave functions to derive analytical amplitudes, the post 
and prior forms of our results will differ in general. If the wave functions we 
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use are good approximations the difference is expected to be small. We will 
demonstrate the calculation of 

The calculation of T}i°st proceeds analogously. 

2.2.3 Hadron States 

The hadron states are direct products of color, spin, flavor, and spatial states. 
A meson IA(P, >.)) with momentum P and polarization>. is written as 

IA(P, >.)) = 
~ 1 r '°' { { 3 3- r( -) .X n ( ) bq,c t ,iq,c t I ) ~ v'3uc,c ~ jjd k d k u P - k - k Xss Hqq <I>A Pre! k,s ~.s 0 

c,c-1 8 8 
' q,q 

where 
mqk - mqk 

Pre!= (mq + mq)/2 

(20) 

(21) 

bt·~ t is a creation operator for a flavor q quark with color label c, spin la­

b~l s, and three-momentum k, and d!k,~ t is the antiquark creation operator. 
,s 

:E~,c=l ~ fic,c is the antisymmetric color comination for a qq pair. x::s is the 
spin wave function for a spin-SA meson and Oqq is the appropriate flavor 
wave function. <I> A (Prel) is the qq momentum-space wave function, and the 
delta function b"(P - k - k) ensures that the meson momentum is the sum 
of the quark and antiquark momenta. Similarly, a baryon state is 

QI ,Q2,Q3 

(22) 
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Note that, contrary to the usual quark model convention, the baryon spin­
flavor wave function generally factors. Our states our not explicitly sym­
metrized. Instead, symmetrization is part of the diagrarnatic evaluation of 
a matrix element and is realized by summing over all possible quark line 
diagrams. Our ~ + ( +3 /2) state, for instance, is 

(23) 

whereas the usual convention is to write 

In our convention the three terms are equivalent. Of course the ~ +( +3/2) 
factors in either convention, but the proton for instance factors only in ours. 

The kaons K 0 and K+ form an isospin doublet as do the nucleons n and p, 
so the isospin can be O or 1 in KN scattering. The spin-flavor wave fuctions 
for the kaons and nucleons are 

IK+) = ~ (I ~~ ) -I ;: ) ) 
IKO) = ~ (I :~ ) -I !: ) ) 

IP(-1/2)) = _J_ ( 
J3 
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(25) 

(26) 

(27) 

(28) 

(29) 

(30) 



We use the usual harmonic oscillator momentum-space wave functions so 
we can get closed form results for the scattering amplitudes. One can solve 
the Schroedinger equation with a Coulomb plus linear potential and use 
the wave functions thus obtained, but the overlap must then be evaluated 
numerically and in practice differs little from the analytical result. The kaon 
momentum-space wave function is 

,1.. ( ) 1 { P~el} 
'PK Prel = 7r3/4f33/2 exp - 8/32 (31) 

where 
mqpq - mqpq 

Pre!= (mq + mq)/2 (32) 

and the nucleon wave function is 

,1.. ( ) _ 33/4 {- p~ + P~ + P~ - P1 · P2 - P1 · P3 - P2 · P3 } 
'PN Pi, P2, Pa - 7r3; 203 exp 30 2 · 

(33) 
The standard parameters are relatively well determined in hadron phenomenol­
ogy and we use the ones below for our numerical evaluation. 

ffiu,d 

ms 

2.2.4 Diagrams 

0.6 
0.18 GeV2 

0.4 GeV 
0.35 GeV 
0.330 GeV 
0.550 GeV 

strong coupling constant 
string tension 
width parameter for <PK(Pre1) 
width parameter for <PN(P1, P2, p3) 
nonstrange constituent quark mass 
strange constituent quark mass 

(34) 

The quarks of the incoming hadrons must connect to those of the outgoing 
hadrons in all possible ways, and we must include all pairwise interactions 
between quarks initially in different hadrons. For the general meson-nucleon 
scattering process there are 5! possible line permutations and 2 • 3 ways to 
attach the interactions giving 720 possible diagrams, but the color factor 
vanishes if all quark lines go straight through. Since the interaction includes 
a .X • .X color factor, the hadrons are in a color octet state after the interaction 
and must exchange quarks to emerge as color singlets. Flavor conservation 
further reduces the number of nonzero diagrams. 
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For Kp scattering, for example, the s antiquark of the incident kaon must 
connect to the s antiquark of the outgoing kaon and the d quark in the inci­
dent proton must connect to the d quark in the outgoing proton. The u quark 
in the incident kaon may connect to either of the u quarks in the outgoing 
proton and the u quark in the outgoing kaon may connect to either of the u 
quarks in the incident proton, so there are 24 nonvanishing diagrams. We can 
use the symmetry of the momentum wave functions and the antisymmetry of 
the color wave functions to factor this set. ¢ K and ¢ N are symmetric func­
tions of the quark momenta, so interchanging quark lines within a hadron 
does not change the overlap in the spatial sector. The color factor in the 
overlap changes sign under such an interchange but this is compensated by 
a sign change in the signature which comes from the anticommutation of the 
quark creation operators, so the signature-color sector of the overlap is also 
even under this operation. All diagrams that differ only through permuting 
quark lines within a hadron are therefore equal in all sectors of the overlap 
except the spin sector. There are thus four diagrams to evaluate, given in 
Fig. (1) (all figures are in App. E). Each diagram includes a sum over sub­
diagrams in the spin sector. The subdiagrams are generated by permuting 
quark lines inside each of the hadrons in all possible ways consistent with 
flavor conservation. 

2.3 Scattering Amplitudes 

Since the hadron states factor as in Eqs. (20) and (22), the overlap factors 
as well: 

Tfi =signature· color· spin· flavor· space. (35) 

Each of these factors is discussed below. 

2.3.1 Signature 

The signature is the overall phase in the overlap that results from the anti­
commutation of the quark creation operators. It is equal to (-1 )N:•, where 
Nx is the number of quark line crossings in a diagram. The signature is 
( -1 )3 = -1 for all four diagrams. 
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2.3.2 Color 

The color factors are easy to evaluate with the usual meson and baryon 
antisymmetric combinations contained in Eqs. (20) and (22) respectively. 
The results are 

2.3.3 Spin-flavor 

color(Di) 

color(D2) 
color(D3) 

color(D4) 

+4/9 
-2/9 
-4/9 
+2/9 (36) 

Since the total spin of the KN system is 1/2, the matrix elements of the 
quark spin operators can be expressed in terms of the nucleon spin identity 
JN and the nucleon spin SN. The spin-flavor matrix elements are evaluated 
with the states in Eqs. (25)-(30) and the results are given below for both 
isospins. 

KN l=l 

D1 D2 D3 D4 

8 (1) • 8(2) +3/4 -1/4 -3/4 +1/4 
j +1 +2 +1 +2 
s(1) + 2/3 SN + 4/3 SN - 2/3 SN - 4/3 SN 

s(2) + 2/3 SN + 1/3 SN + 2/3 SN + 1/3 SN 
( 1) (2) 1 . N - .!.. fi .. 1 . N 

+ 1~ fiij Si Sj + 4 fiij - ½ lijk S - - fi .. + .!. l"k S 12 IJ 4 IJ 3 IJ 

(37) 
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KN l=O 

Di D2 Da D4 

s(1) · s<2) 0 -3/4 0 +3/4 
j 0 0 0 0 

s<l) -SN -2SN +SN +2SN 
(38) 

s<2) -SN +SN -SN +SN 

(1) (2) . N 
- l 8·· . N + 18-· Si Sj + ½ lijk S _!.f··kS 4 ZJ 2 ZJ 4 ZJ 

Note that the Coulomb and linear interactions vanish identically in J = 0. 
It is clear that there is no tensor interaction since Sf Sf is not independent 

of JN and lijk for a spin-1/2 nucleon. 
The K* N system has total spin 3/2 or 1/2. The hyperfine spin, coulomb, 

and linear interactions are diagonal, whereas the spin-orbit and tensor in­
teractions allow transitions between the spin states. The spin-flavor matrix 
elements of the quark spin operators may be expressed as follows: 

(39) 

(40) 

( (1)) 
8µ S'm';Sm 

(41) 

( (2)) 
Sv S'm';Sm 

(42) 

(s<1) s<2)) 8 , , s = µ v m; m 
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The eµ are the usual spherical basis vectors 

-x-iy 

../2 
z 
+x-iy 

../2 

(43) 

f> 

m . 

(44) 

The Tf:vM are the components of the spehrical tensors of rank L formed by 
coupling the eµ: 

T~ LM _ '°' ( )µ+v ~ ~ CLM 
- L., - e_µ e_v Iµ Iv (45) 

µv 

so that 
T LM CLM (46) 

µv - Iµ Iv· 

The spin-flavor matrix elements are evaluated using the spin-flavor states 
for the K*'s 

IK+(+l)) = I ;: ) 

IK+(o)) =~(I ;~ ) + I ;: ) ) 
IK+(-1)) = I ;~ ) 

IK0 (+1)) = I :: ) 

IKO(O)) = ~ (I :~ ) + I !: ) ) 
22 

(47) 

(48) 

(49) 

(50) 

(51) 



IK0 (-1)) =I!= ) , (52) 

The coefficients of the quark spin operator expansions are given below for all 
four line diagrams and both isospins. 

K*N I= 1 (prior) 

Di D2 D3 D4 

(s(1) • sC2)) { : 7/12 - 1/6 5/12 0 
13/12 - 5/12 - 1/12 - 1/4 

(i) {a= 5/3 10/3 5/3 10/3 
d= - 1/3 - 2/3 - 1/3 - 2/3 

r= 5 v'15 / 18 5 y'15 / 9 5 y'15 / 18 5 y'15 / 9 

(s~i)) b= - 7 v'3 / 18 -7v'3/9 5 v'3 / 18 5v'3/9 
c= - 5 J6 / 18 -5J6/9 - 5 J6 / 18 -5J6/9 
d= 2v'3/9 4v'3/9 -4v'3/9 -8v'3/9 

{ : 5 y'15 / 18 0 5 v'15 / 18 0 

(sfl) 5 v'3 / 18 -v'3/6 5 v'3 / 18 -v'3/6 
c= 7 J6 / 18 J6 /6 7 J6 / 18 J6 I 6 
d= 2v'3/9 -v'3/6 2v'3/9 -v'3/6 

a2 = v130 I g v"3o I 36 5 v'30 / 36 0 

ai = - v130 / 36 v"3o I 36 0 0 

ao = - 7 v'3 / 36 y'3 / 18 - 5 v'3/ 36 0 
b2 = - v130 / 18 - v130 / 12 5 v"3o / 36 - v130 / 24 

(s~i) s},2l) bi= - 7 J6 / 36 503/72 0 J6 I 24 
C2 = y'15 / 9 v'15 / 36 v'15 / 18 v'15 / 12 
Ci= 7 v'3 / 18 v'3 / 36 v'3 / 3 y'3 / 12 
di= -2J6/9 J6 / 18 J6 I 6 0 
do= - 13 v'3/ 36 5 v'3/ 36 v'3 / 36 v'3 / 12 

(53) 
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K*N I= 0 (prior) 

D1 D2 D3 D4 

(s(l) · s(2)) { : 1/4 - 1/2 - 1/4 0 
-1/2 - 5/4 1/2 - 3/4 

(i) { : -1 -2 -1 -2 
2 4 2 4 

r= - ../f.5 / 6 - ../f.5 / 3 - ../f.5 / 6 - ../f.5 / 3 

(s~l)) b= 5-/3/6 5-/3/3 --/3/6 --/3/3 
C= v'6 / 6 v'6 / 3 v'6 / 6 v'6 / 3 
d= -13 I 6 -13 I 3 7-/3/6 7-/3/3 

r 
- ../f.5 / 6 0 - ../f.5 / 6 0 

(sL2)) --/3/6 --/3/2 --/3/6 --/3/2 
c= -5v'6/6 v'6 / 2 -5../6/6 v'6 / 2 
d= -13 I 6 --/3/2 -13 I 6 --/3/2 

a2 = - 0,o I 6 0,o I 12 - 0,o I 12 0 

a1 = - 0,o I 12 0,o I 12 0 0 

ao = - -13 I 12 -13 I 6 -13 I 12 0 

b2 = 0,o I 12 - 0,o I 24 - 0,o I 12 - 0,o Is 
(s~1) sL2)) b1 = v'6 / 6 5 v'6 / 24 0 -/6 / 8 

C2 = - ../f.5 / 6 ../f.5 / 12 - ../f.5 / 3 ../f.5 / 4 
C1 = --/3/3 -13 I 12 --/3/2 -13 I 4 
d1 = v'6 / 12 v'6 / 6 --/6/4 0 
do= -13 I 6 5 -13 I 12 - -/3/ 6 -13 I 4 

(54) 
The coefficients for the post case are related to those of the prior case 

when the outgoing particles are the same as the incoming particles. The 
matrix element of a quark spin operator implicitly contains the quark in-
terchange operator 'P. We may write the matrix element for a quark spin 
operator oquark in the prior and post cases with 'P made explicit as follows: 

(Oquark)~!:,°;Sm = ((K*N)s'm'I oquark 'P l(K*N)sm) (55) 

(oquark)~~!,;sm = ((K*N)s'm'I 'P oquark l(K*N)sm) (56) 
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P is Hermitian, so 

(oquark)~~::i';Sm = ((K*N)sml oquarkt p l(K*N)s'm') = (oquarkt)f!~'m' 
(57) 

The hyperfine and confinement quark operators are Hermitian: ( s(1) · 

s(2))t = s(l) • s(2) and Jt = i , and 6s,s 6m'm = fiss' 6mm' in Eqs. (39) and 
( 40) so the post form is the same as the prior form for these operators. A 
component of the quark spin operator appearing in the spin-orbit interactions 
is not by itself Hermitian: (St1))t = (-)µ s~i- Using this relation and the 
symmetry properties of the CG coefficients 

CSm 
S'm' l-µ = (-)1-µ 

(-)1-µ 

2S + 1 cs'-m' 
2S' + 1 S-m l-µ 

2S + 1 (-)S+l-S' cs'm' 
2S' + 1 Sm lµ 

(58) 

in Eqs. ( 41) and ( 42) we find the relations betwen the post and prior coef­
ficients a,b,c, and d. The coefficients in the expansion of (s~1)s~2))s,m';Sm my 
similarly be determined for the post case. The relations are given below for 
all five quark spin operators and have been checked by explicit calculation of 
the post operator matrix elements. 
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(s(1) · s<2>) { 
(i) { 

(s~l)) { 

(s~2l) { 

2.3.4 Space 

apost = aprior 

dpost = dprior 

apost = aprior 

dpost = dprior 

apost = aprior 

lf'ost = _ cprior / ~ 

cPost = _ ~ IJPrior 

dpost = dprior 

apost = aprior 

lf'OSt = - cprior I~ 
Cpost = _ ~ lf'rior 

dpost = dprior 

post _ prior 
a2 - a2 

post prior 
a1 = - a1 

post prior 
ao = ao 
l'7,ost = _ ~rior / ~ 

biost = crrior I~ 
~ost = _ ~ l'7,rior 

crost = v'2 birior 
JPOst _ JPrior 
ui - - ui 
JPost _ JPrior 
Ui:J - Ui:J 

(59) 

The space factor Tspace is obtained by integrating the hadron wave functions 
<PA,B,C,D and the quark Tfi (10) over all quark momenta. Delta functions are 
included to enforce momentum conservation along the spectator lines and 
within the hadrons. With A,B,C, and D the external hadron momenta, we 
have 

TD1 _ 
space -

J. .. d 3a d 3a d 3b1 d 3b2 d 3b3 d3c d 3c d 3di d 3d2 d 3d3 
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qq ( a + d1 b1 + c) <f>A(a - a) ¢>B(b1, b2, ba) </>c(c - c) </>v(d1, d2, da) Tfi d1 - a, 2 , - 2-

8(a - c) 8(b2 - d2) 8(ba - da) 
8(A - a - a) 8(B - b1 - b2 - ba) 8(C - c - c) 8(D - d1 - d2 - d3) (60) 

TD2 _ 
space -

J. .. d3a d3a d3b1 d3b2 d3b3 d3c d3c d3d1 d3d2 d3da 

qq ( a + d1 b2 + d2) <f>A(a - a) ¢>B(b1, b2, ba) </>c(c - c) </>v(d1, d2, da) Tfi d1 - a, 2 , 2 

8(a - c) 8(b1 - c) 8(ba - da) 
8(A - a - a) 8(B - b1 - b2 - b3) 8(C - c - c) 8(D - d1 - d2 - da) (61) 

TD3 _ 
space -

J. .. d3a d3a d3b1 d3b2 d3b3 d3c d3c d3d1 d3d2 d3da 

<l>A(a - a) ¢>B(b1, b2, ba) </>c(c - c) ¢v(d1, d2, d3) TJ? (c - a, a; c, bi: c) 
8(a - di) 8(b2 - d2) 8(ba - da) 
8(A - a - a) 8(B - b1 - b2 - b3 ) 8(C - c - c) 8(D - d1 - d2 - d3 ) (62) 

TD4 _ 
space -

J. .. d3a d3a d3b1 d3b2 d3b3 d3c d3c d3d1 d3d2 d3da 

qq ( a + c b2 + d2) <l>A(a - a) ¢>B(b1, b2, ba) </>c(c - c) <Pv(d1, d2, da) Tfi C - a, -2-, 2 

8(a - di) 8(b1 - c) 8(ba - d3) 

8(A - a - a) 8(B - b1 - b2 - b3) 8(C - c - c) 8(D - d1 - d2 - da) (63) 

Integrating over the delta functions we can eliminate all but two integra­
tion variables, and a suitable choice allows us to write T8~~ce in the convenient 
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form of shifted gaussians times TJ'! after inserting the oscillator forms (31) 
and (33) for the hadron wave functions. Diagram 3 can likewise be reduced 
to an integral over two momenta, but in diagrams 2 and 4 the variables ap­
pearing in the quark TJ'! are all independent and we have three momenta to 
integrate over. Defining p = mu,d/ms and setting a = f3 as a first approxi­
mation, the reduced forms are 

D1 - 33/2 { (2p2+4p+5) 2} 
Tspace - 23/27r3(36 exp - l2(32(p + 1)2 (A - C) 

f d3q f d3 p exp {- 2:2 (P - Po)2} exp {- 5~2 (q - qo)2} 

TJ'!(q,P,P + C -A) 
1 

Po= - lO(p + l) [(4p + 6)C - (6p + 4)A + (p + l)q] 

1 
qo = - 6(p + l) [(4p + l)(C + A)] (64) 

33/2 
TD2 __ _ 

space - 7r9/2 (39 

ex {- [(19p2 + Bp + 46)A2 + (67 p2 + 68p + 58)C2 + ( 42p2 - 12p - 96)A. C]} 
p 156 {32 (p + 1)2 

f d3q f d3 Pf d3 P' exp {- ; 2 (P' - P~)2} exp {- 2~2 (P - P 0 ) 2 } 

exp {- 2~~2 (q - qo)2} TJ'!(q, P, P') 

P~ = -~ (C + P) 

1 
Po= - 5(p + l) [(2p + 3)C - (3p + 2)A - (p + l)q] 

1 
qo = 13(p + l) [(p + 4)C - 3(3p + 2)A] (65) 

33/2 
TD3 ---­

space - 23/27r3 (36 
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{ [(8p2 + 4p + 5)A2 + (8p2 + 16p + 8)C2 - 12(p + l)A · C]} 
exp - 24 /P (p + 1)2 

f d3q f d3 P exp {- 2; 2 (P - Po) 2 } exp {- 5; 2 (q - qo) 2 } 

TJ?(q, P, C - P) 
1 

Po= lO(p + l) [(4p + 6)(C +A)+ 3(p + l)q] 

1 
qo = - 4(p + l) [(2p - 2)C + (2p + 3)A] (66) 

33/2 
yD4 __ _ 

space - 7r9/2 /39 

{ [(21p2 + 8p + 6)(A2 + C2) + (22p2 + 16p - 8)A · C]} 
exp - 60 132 (p + 1)2 

f d3q f d3 Pf d3 P' exp {-J2 (P' - P~)2 } exp {- 2; 2 (P - Po)2} 

exp {- 4~ 2 (q - q0) 2 } TJ?(q, P, P') 

P~ = ! (P - C - A) 
2 

p = 2p+ 3 (C A) 
o 5(p + 1) + 

p+2 
qo = 13(p + l) (C - A) (67) 

Useful integrals over shifted Gaussians have been worked out and are col­
lected in App. B. The final integrations can be done with our specific TJ?'s 
(Eq. (10)) inserted, giving analytical expressions for the scattering ampli­
tudes. In the following, fa,c(x) = 1F1 (a, c; x) is the confluent hypergeometric 
function. 

2.3.5 Spin-spin 

(DI) .... .... _ _ 231ra8 ex {- (2p2 + 4p + 5)(C - A)2 } (6S) 
Tspace (S · S) 3m2 P l2(p + 1)2 
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2631/2 
T (D2}(s. S) _ _ 7H~s 

space - 133/2m2 

ex {- [(43p2 + 38p + 52)A2 + 3(7p2 - 2p- 16)A. c]} 
p 78(p + 1)2 

(69) 

T (D3}(S. S) - - 2J/231/21rasp 
space - m2 

ex {- [(16p2 + 20p + 13)A2 - 12(p + l)A. c]} 
p 24(p + 1)2 (70) 

T (D4} (S . S) _ _ 267rO!sP 
space - 3 . 53/2m2 

ex {- [(2lp2 + 8p + 6)A2 + (llp2 + Bp- 4)A. c]} 
p 30(p + 1)2 

(71) 

2.3.6 Coulomb 

(D1} ( ) 2331ra8 
Tspace coul = + 5 

( ( 4p + 1) 2 --- --- 2) 
!1;2,J/2 60(p + l)2 (C + A) 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p 15(p + 1)2 (72) 

(D2} ( ) 24 33/27ras 
Tspace coul = + 1/2 

5 · 13 

( 
[2(41p2 + 58p + 26)A2 - 3(3p2 + 14p + s)X. c]) 

li;2,3/2 130(p + 1 )2 

ex {- [ (13p2 + 14p + 13)A2 + 3(p2 - 2p - 4)A. c] } 
p 15(p + 1)2 (73) 

30 



2s;233;21ra 
T (D3) ( 1) s space COU = + 5 

( 
[ (sp2 + 4p + 13)A2 + 4(2p2 + p - 3)1. c]) 

f 1;2,3/2 40(p + 1 )2 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 

(74) 

(D4) 2437r08 
Tspace (coul) = + 5312 

( (p + 2)2 .... .... 2) 
!1;2,3/2 12(p + l)2 (C - A) 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p - 4)A. c]} 
p l5(p + 1)2 

(75) 

2.3. 7 Linear Confinement 

T (Dl) (1· ) - - 23331rb 
space lil - 52 

( ( 4p + 1 )2 .... .... 2) 
f-1/2,3/2 60(p + l)2 (C + A) 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
P l5(p + 1)2 

(76) 

223s;2131;2 b 
T (D2)(1" ) _ _ 7r 

space lil - 52 

( 
[2(41p2 + 58p + 26)A2 - 3(3p2 + 14p + s)1. c]) 

f-1/2,3/2 130(p+1)2 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 

(77) 

21;23s;2 b 
T (D3)(1. ) _ _ 7r 

space lil - 52 
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( 
[(8p2 + 4p + 13)A2 + 4(2p2 + p - 3)1. c]) 

f-1/2,3/2 40(p + 1)2 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 (78) 

(D4)( . ) - - 22337rb 
Tspace lm - 5312 

( (p + 2)2 .... .... 2) 
f-1/2,3/2 12(p+ l)2(C-A) 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 (79) 

2.3.8 OGE Spin-orbit 

T (Dl)(OGE L · S) = - ~ im}s (4p+ l) (.... .... ) • C.... A 
space 5 m2 (p+l) s1+s2 X 

( ( 4p + 1) 2 .... .... 2) 
/3;2,5/2 60(p + l)2 (C + A) 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 (80) 

T (D2)(OGE L. S) = 2331/2 i7rC}s (3p + 2) ( .... - .... ) . C.... A 
space + 5 . 13312 m2 (p + l) 81 S2 X 

( 
[2(41p2 + 58p + 26)A2 - 3(3p2 + 14p + 8)1. c]) 

h;2,5;2 130(p + 1 )2 

ex {- [(13p2 + 14p+ 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 (81) 

T (D3)(OGE L. S) = - 31/2 i1ras p(2p + 3) ( .... - .... ) . C A 
space 21/25 m2 (p + 1)2 {)81 S2 X 
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( 
[(8p2 + 4p + 13)A2 + 4(2p2 + p - 3)A'. c]) 

!3/2,5/2 40(p + 1 )2 

{ 
[(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A'. c]} 

exp - 15(p + 1)2 

(D4) ... . ... _ 23 i7ra8 (p + 2) 
Tspace (OGE L S) - + 3. 55/2 m2 (p + 1)2 

[4p(p2 + 3p + 1)s1 + (8p2 + 15p + 2)s2] . c x A' 

( (p + 2)2 ... ... 2) 
h;2,5;2 12(p + l)2 (C - A) 

{ 
[ (13p2 + 14p + 13)A2 + 3(p2 - 2p - 4)A'. c] } 

exp - 15(p + 1)2 

2.3.9 Scalar Confinement Spin-orbit 

T (DI) (l" L .... S ... ) _ 2 · 3 i1rb ( 4p + 1) (... ... ) . c... A ... 
space 1Il - + 52 m2 (p + l) S1 + S2 X 

( (4p+1)2 ...... 2) 
fi;2,5/2 60(p + l)2 ( C + A) 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p 15(p + 1)2 

(D2) . ... . ... - 2 . 33/ 2 i1rb (3p + 2) ... - ... . ... ... 
Tspace (hn L S) - + 2 112 2 ( ) (s1 s2) C X A 

5 13 m p+ 1 

( 
[2(41p2 + 58p + 26)A2 - 3(3p2 + 14p + 8)A'. c]) 

li;2,5/2 130(p + 1 )2 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p 15(p + 1)2 

(82) 

(83) 

(84) 

(85) 

T (D3)(r L. S) - - 21/233/2 i?Tb p(2p + 3) ( ... - ... ) . a A 
space m - 52 m2 (p + l)2 P81 S2 X 

33 



( 
[(8p2 + 4p + 13)A2 + 4(2p2 + p - 3)1. c]) 

!1/2,5/2 40(p + 1 )2 

ex {- [(13p2 + 14p + 13)A2 + 3(p2 - 2p- 4)A. c]} 
p l5(p + 1)2 (86) 

T. (D4}(r L-S)--2·3 i7rb (p+2) 
space m - 55/2 m2 (p + 1 )2 

[2p2(2p + 3)s1 + (3p + 2)s2] . c x X 

( (p + 2)2 .... .... 2) 
!1;2,5/2 12(p + l) 2 (C - A) 

{ 
[(13p2 + 14p + 13)A2 + 3(p2 - 2p - 4)1. c]} 

exp - l5(p + 1)2 (87) 

2.4 K* N Phase Shifts 

The phase shifts can be computed from the T-matrix 

(88) 

n and n' are the directions of the incident and scattered mesons in the CM 
frame: A= A(O') and C = C(n) . The elastic scattering phase shift is 

8 ___ l_ IAI EA EB T 
JLS - 87l"2 y's JLS (89) 

Tns is just the diagonal part of the T-matrix Tf,L;S'S· The off-diagonal 
matrix elements give the inelasticities 

(90) 

We get Ti, L;S' s by coupling the initial and final states to total angular mo­
mentum J: 

T JMJ '°"' cJMJ '°"' cJMJ T 
L'L;S'S = L.., L'M' S'>.' L.., LM S>. L'M'S'>.';LMS>. (91) 

M'>.' M>. 
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where 

We omit the index M1 and write Ti'L;S'S since Tl/f/8,8 is independent of M1. 
We must compute Ti,L;S'S from TvM'S'>-.';LMS>-. for each type of interaction. 

2.4.1 Spin-spin Hyperfine, Coulomb, and Linear Interactions 

The hyperfine, Coulomb, and linear T-matrices are diagonal in the total spin 
and have the general form 

(93) 

where µ is the cosine of the CM scattering angle: A• C = IAI ICI µ. In this 
case we get Ti, L;S' s by integrating over the scattering angles, 

Ti'L;S'S = i5vL i5s1s 2rr [ 1
1 dµ P,(µ) J(µ). (94) 

Note that this result does not depend on J. 

2.4.2 Spin-orbit Interactions 

The spin-orbit T-matrices have the general form 

(95) 

which becomes 

Ts1,)..';S,>-.(n1, n) = J(µ) L (-)µ cf;~µ i(A x C) (96) 
µ 

since (s!uark)s'>-.';S>-. is expanded in terms of Clebsch-Gordon coefficients cou­
pling the initial and final total spins S' and S, as in Eqns. (41) and (42). 
We find 

Ti'L;S'S i5vL IAI ICI (-) 2S+S'+L-J ✓2s1 + 1 

{ J L S} 
l S' L (h+i - h-1) 
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where 

(98) 

The elastic sectors of the T-matrix for K* N scattering have S' = S = 
1/2, 3/2. The 6j symbols for these cases have simple expressions with the 
L · S structure clearly evident. 

so that 

Tf,L;½½ = fivL j~~icJ l) [1(1 + l) - L(L + l) - ~] UL+i - h-1) 

(101) 
and 

TJ - 6 IAI ICI [ ( ) ( ) 15] (f f ) L'L;H- L'LJ3J5(2L+l) JJ+l -LL+l -4 L+l- L-1 · 

is 

(102) 
For /J7r scattering we needed S' = S = l, for which the relevant 6j symbol 

{ J L l } ( )L+J+I 
1 1 =---=====[J(J+l)-L(L+l)-2] 

L 2 y'2 J3 J(L + 1)(2L + l)L 
(103) 

giving 

TJ, = 6 , IAI ICI [ ( ) ( ) ] (! f ) L L;ll LL 2 v'2 (2L + 1) J J + 1 - L L + l - 2 L+l - L-1 . 

(104) 

2.5 KN Results 

The phase shifts are calculated for both isospins and the S, P, and D-waves 
are shown in Figs.(2)-(7) and (10)-(15). Hashimoto [52] has performed the 
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most recent comprehensive single-energy phase shift analysis, and his data 
are shown for comparison. The data analysis incorporates polarization data 
for the I = 0 system [55, 56] and so has resolved some ambiguities present in 
earlier analyses. Also shown is the recent resonating group method (RGM) 
calculation of Lemaire et al. [58]. In the I=l channel, the Born order results 
are in approximate agreement with the RGM calculation. Both models agree 
qualitatively with the data except in the Pia wave, for which they both give 
the wrong sign. 

The theoretical Su wave is too repulsive at low energies and too weak 
at higher energies. It has a minimum near 0.6 Ge V, and crosses the data 
at Pi.ab ~ 1 Ge V. The RG M calculation also overestimates the size of this 
wave. It agrees well with the Born order result at low energies but shows 
no sign of turning around. The spin-spin term by itself agrees well with 
the data at low energies, but the Coulomb and linear interactions are both 
negative at low energies and including them has worsened the agreement. 
Barnes and Swanson [69] noted that the approximation of single Gaussian 
wavefunctions likely breaks down at higher energies, leading to a more rapid 
retreat of the phase shift than is observed. The single Gaussian wavefunctions 
we use are expected to underestimate the short distance components of the 
hadron wave functions because the Coulomb and hyperfine interactions are 
attractive at short distances for qq and qq in spin singlet states. More realistic 
Coulomb plus linear plus hyperfine wave functions should have enhanced 
short distance components and lead to high energy scattering amplitudes of 
increased magnitude. Inelasticities are thought to be small in I=l S-wave 
[54] so the opening of inelastic channels is not likely to be the main reason 
for disagreement here. 

The Pu phase shift is similar to the data at low energies but falls away 
too quickly at higher energies. The quark model gives the wrong sign in 
the Pia channel. The OGE spin-orbit term is not nearly large enough and 
is more than cancelled by the negative spin-spin and confinement spin-orbit 
contributions. This channel is thought to contaon a z• resonance [53]. There 
is good agreement in the D13 channel at low energies but again the quark 
model phase shift is too weak at higher energies. The Dis channel appears 
to have reasonable agreement. Lemaire et al. [58] claim good results for the 
Pu, D13, and Dis waves. My calculation has excellent agreement with the 
RGM phase shifts in these channels, but the RGM calculation ends at 1 GeV. 
In the Pu and D 13 channels, this is just where the Born order phase shifts 
start to diverge from the data. 
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In 1=0 the calculated phase shifts give the right sign but are in gen­
eral too small, especially in the large Poi wave. It is interesting, however, 
that the OGE spin-orbit Poi phase shift is exceptionally large relative to the 
other channels Fig.16. There is perhaps an indication here that we have in­
cluded some of the correct physics. It is, however, not large enough by itself 
to account for the data and is partially cancelled by the confinement spin­
orbit component, which has the opposite sign, and by the negative spin-spin 
component. Coupling to inelastic channels likely contributes to the large ex­
perimental phase shift in this partial wave. The RG M phase shift is entirely 
negligible in this channel. Lemaire et al. [58] conclude that meson exchange 
effects cannot be neglected for higher-L waves. 

Mukhopadhyay and Pirner [59] have calculated the P-wave phase shifts of 
the KN system in a nonrelativistic constituent quark model using the gener­
ator coordinate method (GCM) and find very similar results. They note that 
the antisymmetric parts of OGE and confinement spin-orbit potentials lead 
to unnacceptably large splittings in the baryon spectra and so question their 
physical meaning. They therefore leave them out and keep only the sym­
metric parts, which almost totally cancel in the baryon spectra. They note, 
however, that there is no good theoretical reason to leave them out and that 
doing so leaves the Ai;2 (1405) - A3; 2 (1520) splitting unexplained. They find 
that the OGE LS contribution by itself has the right sign and approximately 
the right magnitude in both isospins at low energies and note the especially 
large theoretical Poi wave. They doubt the inverted confinement contribu­
tion and so leave it out. Including spin-spin, Coulomb, Darwin terms makes 
both l=l P-waves repulsive, just as we have found, and they conclude that 
the disagreement of the central potential indicates the existence of additional 
long range forces not included in the calculation. They conclude that there 
is an indication of the importance of quark-gluon degrees of freedom in low 
energy hadron scattering but that a better model of confinement is needed. 

Bender et al. [61] found qualitatively good agreement for S-waves from qg 
forces variational with the GCM. They found excellent results for 1=0 with 
OGE. In l=l they find OGE is too small and concluded a Fermi statistics 
effect was dominant there. Campbell and Robson [62] found good results for 
S-waves in 1=0 with the RGM, but their l=l S-wave phase shift does not 
exhibit enough repulsion. The cloudy bag model calculation of Veit et al. 
[60] found poor agreement in channels where possible exotic resonances have 
been predicted (Poi,P13 ,D03 ). They predict a spin-orbit contribution that is 
too small to account for the data, and also find the wrong sign in the P13 
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channel. 

2.6 KN Conclusions and Extensions 

It seems clear that quark-gluon forces are not large enough to explain the 
spin-orbit interaction in KN elastic scattering. The OGE spin-orbit contri­
bution is only about one third the size required to account for the data and 
is partially cancelled by the confinement spin-orbit contribution. Coupling 
to inelastic channels is one reason to expect disagreement near the opening 
of the inelastic thresholds. It is possible for the rapid opening of an inelastic 
channel in a higher-L wave to induce a large phase shift and simulate a res­
onance. The contribution of inelastic effects to the elastic scattering phase 
shift needs to be included in a full analysis. 

A second possible reason for the disagreement is the need for a better 
model of confinement. The confinement potential has traditionally been 
taken to be a Lorentz scalar, but this choice is not obvious, and in fact 
early models assumed a timelike vector form. The discovery of the 1 Pi he 
charmonium state had strongly ruled out vector confinement because of the 
near degeneracy with the {XJ} 3 PJ spin triplet states. Vector confinement 
predicts a splitting between the center of gravity of the {XJ} and the he of 
~ 30 MeV because it includes a contact spin-spin term, whereas experimen­
tally the splitting was only ~ 1 Me V. Scalar confinement has no spin-spin 
term and so predicts a small lf - 3 PJ splitting. The experimental evidence 
for the he , however, is not conclusive, and recent experiments with better 
statistics may not support its existence [41]. Consequently, the case for scalar 
confinement is not as strong as previously thought. 

The small spin-orbit splittings in meson spectroscopy also seemed to pre­
fer scalar confinement because the confinement spin-orbit is inverted and 
therefore partially cancels the OGE spin-orbit, as in our scattering calcula­
tions. Vector confinement produces a normal spin-orbit that enhances the 
OGE spin-orbit. This would be a better arrangement in KN scattering, 
where a large spin-orbit effect is required. Even if the small spin-orbit split­
tings in meson spectroscopy could be explained by a scalar confinement, there 
is still the previously mentioned problem in baryon spectroscopy, notably in 
the P-waves, since there is no way to provide a cancellation for the three-body 
forces [44, 45]. 

The most general local confinement potential contains both vector and 
scalar components. Using an effective Dirac equation and describing the 
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QCD vacuum by bilocal gluonic correlators, Kalashnikova and Nefediev [46] 
find an effective interaction in the heavy quark limit that is 5/6 scalar and 
1/6 vector. The QCD symmetry that Page, et al. [42] find for heavy-light 
systems emerges when the vector and scalar components differ by a constant. 
A more realistic model of confinement should simultaneously account for 
the baryon spectrum and the spin-orbit part of hadron-hadron scattering. 
Bender, et al. have also advocated the need for a better model of confinement 
[61], and their calculation of KN phase shifts leaves out the confinement 
contribution altogether. Blaschke has suggested putting in the confinement 
interaction only for the capture diagrams, i.e. only for those diagrams that 
are topologically confining [40], and this is an interesting idea for a future 
calculation. 

It may be wondered whether t-channel meson exchange should be in­
cluded as a separate effect in the calculation. Since our quark line diagrams 
are topologically qq exchanges in t-channel, they may implicitly incorporate 
t-channel meson exchange effects. The connection between the two pictures 
is a topic for further study. 
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3 D N Scattering 

D N elastic scattering phase shifts are easily calculated in the Born order 
KN scattering model simply by replacing the s quark of the kaon with the c 
quark of the D-meson. The only new parameters are the charm quark mass, 
taken to be me= 1.550 GeV, and the D-meson mass. Knowledge of vacuum 
DN scattering amplitudes and observables is important for understanding 
the open-charm hadronic interactions in hot, dense media, as occur in rel­
ativistic heavy-ion collisions. Inelasticities may well be large in DN, as in 
KN scattering. In I= 1, the linear and spin-spin terms are roughly compa­
rable and dominate scattering in the waves shown. The spin-orbit splitting is 
small in comparison. It is notable that in I= 0 the spin-independent terms 
(Coulomb and linear) are identically zero and the spin-orbit interactions dom­
inate the scattering. The P01 and D03 channels are weakly attractive and the 
rest are repulsive. No bound states are found. 
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4 K* N Elastic Scattering and KN ➔ K* N In­
elastic Amplitudes 

The S-matrix for K* N elastic scattering is more complicated than for KN 
scattering because the former can have a total spin of 1/2 or 3/2 in the initial 
and final states, whereas the total spin of the KN system is just the nucleon 
spin. The development of the formalism for K* N is important because it can 
be readily generalized to scattering of hadrons with arbitrary spins. This is 
evident in the Clebsch-Gordon expansion of the quark spin operators and in 
the general expressions for the T-matrix in terms of 6j-symbols, for instance. 
The phase shifts for elastic K* N scattering are shown in Figs.(30)-(43) for 
I=l,O and S=l/2,3/2. 

A full analysis of KN elastic scattering must include coupling to inelastic 
channels, and requires further theoretical effort to apply consistently. KN 
elastic scattering through an intermediate K* N state requires working to 
higher than Born order in our formalism, since KN ➔ K* N ➔ KN is 
clearly second order. This involves the general problem of how to correctly 
iterate the Born order T-matrix. At Born order, our amplitudes are real. 
Iterating the Born amplitude should allow the calculation of a complex and 
fully unitary T-matrix, which can then be parametrized in terms of the usual 
6 and T/, but at present the procedure has not been worked out. In addition to 
the quark interchange mechanism, two-pion exchange is an important effect 
for this process. The calculation of the inelastic channel contributions to 
elastic KN scattering is an interesting topic for future research. As a first 
step, we compute the KN ➔ K* N amplitudes and calculate fJ LS according 
to Eq.(90). The size of fJLs relative to the elastic bns should give some 
qualitative idea of the importance of inelastic coupling to K* N in each of 
the channels. 
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5 J / 'l/; N Scattering Cross Sections 

The size of the J /'¢-nucleon scattering cross section is relevant to the search 
for the quark-gluon plasma (QGP) in relativistic heavy-ion collisions because 
of the suggestion by Matsui and Satz [76] that a suppression in J /'¢ produc­
tion could be a signature for the creation of the QGP. They argued intuitively 
that the linear confining interaction should be screened in the QGP, so that a 
cc pair formed in the plasma is likely to dissociate into open-charm mesons. 
The competing process of direct charm production by scattering on light 
hadrons in the collision region must be understood in order to confirm a 
suppression due to plasma effects. 

Experimentally, the J / '¢ N total cross section must be inferred indirectly 
by, for example, assuming vector dominance in photoproduction, or from 
the background of drell-Yan lepton pairs produced with energy near those 
in the J /'¢ peak in heavy-ion collisions. These estimates for <YJ/1/J+N are 
poorly known and range from ~ 1 - 10 mb. There are now many theoretical 
calculations of these cross sections, with results differing over many orders 
of magnitude in the relevant energy range. Kharzeev, et al. [77, 78] found a 
very small <YJ/1/J+N ~ 0.25 µbat vs= 5 GeV. in an early calculation using 
the parton model and perturbative QCD. The applicability of perturbative 
QCD in this low energy regime is questionable. See [79] for a summary of 
experimental information and theoretical calculations. 

We can calculate the J /'¢ N cross sections with the quark Born method. 
Despite the problems with interpreting the results for higher-L waves, the S­
waves still have given good results where data exists, and we should therefore 
be able to make definite predictions for these cross sections. The new feature 
in our formalism is the appearance of charm baryons in the final state. These 
baryons have one heavy (charm) quark and two light quarks, and we must 
therefore allow for an asymmetry between the p and A oscillators in the wave 
functions for these particles [38]. 

We have detailed the method below, and show results for three example 
reactions: J /'1/Jp -+ IJ°Et, IJ° At, and n-*Et+. The largest cross section 
is ~ 12 mb, with IJ° At in the final state. a J/1/Jp➔Ifr:;t is approximately 100 
times less because of the higher threshold and also because the spin-flavor 
factor for the confinement interaction favors IJ° At over IJ°Et in the ratio 
27:1. The cross sections calculated with Mr:.c = M1i.c are indeed in this ratio. 
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5.1 Parameters 

Mil! = 3.097 GeV (105) 

MN= 0.939 GeV (106) 

M75 = 1.868 Ge V (107) 

M75• = 2.008 Ge V (108) 

Mr:.c = 2.453 GeV (109) 

MAc = 2.285 GeV (110) 

mu,d = .330 Ge V (111) 

me= 1.600 GeV (112) 

a 8 = 0.6 (113) 

b = 0.18 GeV2 (114) 

ap = 0.35 GeV (115) 

( 3 mu me ) l/4 
a_x = ap 

2 mu + me 
0.32 (116) 

(3 = 0.4 GeV (117) 

5.2 T-matrix 

All observables can be computed from the T-matrix 

There is an implicit sum over interactions between quarks in different inter­
acting hadrons. 0 and O' are the directions of the incident and scattered 
mesons in the CM frame: A= A(O') and C = C(O) . 
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5.3 Space Wave Functions 

The harmonic oscillator Hamiltonian for a three light quark system 

(119) 

separates in coordinates p,A,R, which are related to the quark position vec­
tors r 1, r 2 , r 3 via 

(120) 

(121) 

R = m 1r1 + m2r2 + m3r3. ( 122) 
m1 + m2 + m3 

We use this choice in anticipation that m1 will be the heavy quark in the 
charmed baryons. 

The eigenfunctions of the transformed Hamiltonian 

H = t p~ + L 3K (p2 + A2) 
i=l 2mi i<j 2 

(123) 

are products of three dimensional harmonic oscillator eigenstates. For the 
S-wave baryons N and ~ the spatial wave function in coordinate space is 

(124) 

where a = (3Kmu,d) 114 . For the Ee and Ac states we allow an asymmetry 
between the p and A oscillators 

(125) 

where ap = (3Kmu,d) 1l4 and aA = (3KmA) 1!4 with mA = 3 mu,d mc/(2 mu,d+ 
me) = 3 mu,d/(2 Pc+ 1) > mu,d· We need to determine the momentum space 
wave function by Fourier transforming the coordinate space wave function. 

<l>Ec,Ac (P1, P2, p3) = / / / d 3r1 d 3r2 d 3r3 e-ipi ·ri e-ip2 ·r2 e-ipa•ra 'VEc,AJP, A) 
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(126) 

where 

p 
P2-p3 

./2 
(127) 

A ~ [-2 p, Pl + P2 + p3 l 
2pc + 1 

(128) 

p Pl+ P2 + p3 (129) 

and we have used m2 = m3 = mu,d and m1 = me. Removing the total mo­
mentum conserving delta function and determining the normalization from 

(130) 

we find 
33/4 _ 

q> ( ) _____ -p2 /2a~ ->.2 /2a~ 
Ec,Ac Pl, P2, p3 - 3/2 3/2 3/2 e e 

7r ap a>. 
(131) 

The remaining momentum space wave functions are the usual forms 

where Pc= mu,d/mc. 
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5.4 Space Overlap 

Ts~!ce = J. .. d3a d3a d3b1 d3b2 d3b3 d3c d3c d3d1 d3d2 d3d3 

<PA(a - a) <PB(b1, b2, b3) </Jc(c - c) <PD(d1, d2, d3) 

Tq9 (d _ a + d1 b1 + c) 
ft I a, 2 ' 2 

8(a - c) 8(b2 - d2) 8(b3 - d3) 

8(A - a - a) 8(B - b1 - b2 - b3) 

8(C - c - c) 8(D - d1 - d2 - d3) (135) 

Ts~~ce J. .. d3a d3a d3b1 d3b2 d3b3 d3c d3c d3d1 d3d2 d3d3 

<PA(a - a) <PB(b1, b2, b3) </Jc(c - c) </Jv(d1, d2, d3) 

Tq9 (d _ a + d1 b2 + d2) 
Ji l a, 2 ' 2 

8(a - c) 8(b1 - c) <5(b3 - d3) 

8(A - a - a) 8(B - b1 - b2 - b3) 

8(C - c - c) 8(D - d1 - d2 - d3) {136) 

Ts~!ce J. .. d3 a d3a d3 b1 d3 b2 d3 b3 d3 c d3c d3 d1 d3 d2 d3 d3 

<PA(a - a) <PB(b1, b2, b3) </Jc(c - c) <PD(d1, d2, d3) 

Tqq (- __ a+ c b1 + c) 
Ji C a, 2 ' 2 

8(a - di) 8(b2 - d2) 8(b3 - d3) 

8(A - a - a) 8(B - b1 - b2 - b3) 

8(C - c - c) 8(D - d1 - d2 - d3) (137) 

Ts~!ce J. .. d3a d3a d3b1 d3b2 d3b3 d3c d3c d3d1 d3d2 d3d3 

<PA(a - a) <PB(b1, b2, b3) </Jc(c - c) </Jv(d1, d2, d3) 
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Tqq (- __ a+ c b2 + d2) 
fi C a, 2 ' 2 

8(a - di) 8(b1 - c) 8(b3 - d3) 

8(A - a - a) 8(B - b1 - b2 - b3) 

8( C - c - c) 8(D - d1 - d2 - d3) (138) 

After inserting the harmonic oscillator wave functions, these can be re­
duced to integrals over two (diagrams 1 and 3) or three (diagrams 2 and 4) 
momenta. 

'TJ 

'TJ ef(A,C) f d3q f d3 p e-ap(P-Po)2 e-ag(q-qo)2 TJ?(q, P, p + C - A) 

33/2 

J(A, C) = {- [(4p4 + 12p3 + 13p2 + 6p + 1) (3 a;+ 3 ai + 16 ,82)] A2 

ap 

Po 

+ [12 (4p3 + 8p2 + 5p + 1) (a;+ aD + 96 p (2p3 + 5p2 + 4p + 1) ,82] A· C 

- [ 12 ( 4p2 + 4p + 1) ( a; + aD + 144 p2 (i + 2p + 1) ,a2] c 2} 

{ 48 (p + 1)2 (2p + 1)2 (a;+ aD ,82}-1 

3 (a2 + a2) 132 + 4 a2 a2 p .X p .X 

{[(p+l) (2p+l) (6a;+4/32)ai] A 

- [6 (p + 1) a; /32 + 6 (p + 1) (2p + 1) ai /32 + 4 (2p + 1) a; ai] C 

+(p+l) (2p+l) [-3(a;+aD/32+4a;ai] q} 
{ (p + 1) (2p + 1) [6 (a;+ ai) /32 + 8 a; ai]}-1 

{[(p+1)(2p+1)(9a!+aD] A+[6a! +6(4p2+4p+l)ai] c} 
12(p+l) (2p+l) (a~+aD 
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ap 

ap, 

Po 

P'o 

TJ ef(A,C) J d3q jd3 p jd3 P' e-a',,(P'-P' 0 ) 2 e-ap(P-Po)2 

e-aq(q-qo)2 Tq~(q p P') 
Ji ' ' 

33/2 
TJ = 

J(A, C) = 
{-(p + 1)2 (2p + 1)2 [36 a!+ 75 a; /32 + 5 ai /32 + 24 /34 + 6 a; ai] A2 

+12 (p+ 1) (2p+ 1) [-3 (p-1) (4p+ 1) a; /32 

-(p-1) (2p+ 1) ai /32 + 12 p (p+ 1) /34 

+2 (2p+ 1) a; ai + 12 (2p+ 1) a!] A· C 

-12 [18 p2 (p+ 1)2 /34 + 2 (2p+ 1)2 a; (6 a;+ aD 

+3 (24p2 + 24p + 7) (2p2 + 2p + 1) a; /32 

+3 (2p + 1)2 (2p2 + 2p + 1) ai /32] c2} 

{ 24 (p + 1)2 (2p + 1)2 [3 (7 a;+ aD /32 + 4 (6 a;+ aD a;] /32}-1 

3 3 1 
-4 2+-4 2+132 

aP a>. 

2 
a2 

p 

3 (7 a~+ aD /32 + 4 a~ (6 a~+ aD 

8 a~ [ 3 ( a~ + ax) /32 + 4 a~ al] 

{[ (p + 1) (2p + 1) (6 a;+ 4 ff) ai] A 

- [6 (p+ 1) a; /32 + 6 (p+ 1) (2p+ 1) ai /32 + 4 (2p+ 1) a; ai] C 

+(p+1)(2p+l) [3(-a;+aD/32+4a;ai] q} 
{ (p + 1) (2p + 1) [6 (a;+ an /32 + 8 a; ai]}-l 

p C 

2 2 

{- [ (p + 1) (2p + 1) a; (18 a;+ 12 /32)] A 
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ap 

Po 

7} 

+12 a; [3 p (p+ 1) ,82 - a;] c} 
{ (p + 1) (2p + 1) [3 (1 a;+ aD ,a2 + 4 a; (6 a;+ aD ]}-1 

7} ef(A,C) jd3q jd3P e-ap(P-Po)2 e-aq(q-qo)2 T}i(q,P, -P + C) 

33/2 

J(A,C)={-(4p2+4p+l) [9a;+a1+24,B2] A 2 

+ [36 (2p + 1) (-a;+ 4 p ,82) + 12 (4p2 + 4p + 1) a1] A· C 

-36 [a;+ (4p2 + 4p + 1) a1 + 6 p2 ,82] c2} 

{ 24 (2p + 1)2 [3 (a;+ aD ,82 + 2 a; a1]}-1 

3 3 1 
-4 2+-4 2+,32 ap a). 

3 ( a; + al) ,82 + 2 a; al 

2 ,82 [3 (a~+ al) ,82 + 4 a~ al] 

{ (p + 1) (2p + 1) [6 a; ,82 + 2 a1 ,82 + 2 a; a1] A 

+ [6 (p + 1) a; ,82 + 6 (p + 1) (2p + 1) a1 ,82 + 4 (2p + 1) a; ai] C 

+3(p+l) (2p+l) [a;+a1] ,82q} 

{ (p + 1) (2p + 1) [6 (a;+ aD ,82 + 8 a; ai]}-1 

qo {-(p + 1) (2p + 1) [3 a; ,82 + a1 ,82 + a; a~] A 

+[3pa;,82 -3p(2p+l)a1,B2+2(2p+l)a;a1] c} 
{ (p + 1) (2p + 1) [3 (a;+ aD ,82 + 2 a; al]}-1 

7} 

7} ef(A,C) jd3q jd3 p jd3 p' e-a~(P'-P'0)2 e-ap(P-Po)2 

e-aq(q-qo)2 Tq9(q P P') 
Ji ' ' 

33/2 
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ap 

ap, 

Po 

P'o 

J(A,C) = 
{-(p + 1)2 (2p + 1)2 

[36 o:! + 123 o:; /32 + 5 o:i /32 + 24 /34 + 22 o:; o:i] A 2 

+(p + 1) (2p + 1) [-36 (8p2 + 9p + 7) o:; /32 

-12 (p - 1) (2p + 1) o:i /32 + 144 p (p + 1) /34 

-24 (2p + 1) (4p - 1) o:; o:i - 144 (p + 1) o:!] A· C 

- [216 p2 (p + 1)2 /34 + 24 (2p + 1)2 (6p + 1)2 o:; o:i 

+144 (p + 1)2 o:! + 36 (24p4 + 24p3 + 14p2 + 14p + 7) o:; /32 

+36 (2p + 1)2 (2p2 + 2p + 1) o:i 132] c2} 

{24 (p+ 1)2 (2p+ 1)2 

[3 (1 a;+ o:D /34 + 4 (3 o:; + 4 o:D o:; 132 +so:! o:!] }-1 

3 3 1 
-4 2+-4 2+132 o:p 0:). 

2 
o:2 

p 

3 (7 o:~ + o:1} /34 + 4 o:~ (3 o:~ + 4 o:1} /32 + 8 o:! o:x 

8 o:~ /32 [3 (o:~ + o:1) /32 + 4 o:~ o:i] 

{ (p + 1) (2p + 1) [ ( 6 o:; + 2 o:D /32 + 2 o:; o:i] A 

+ [6 (p + 1) o:; /32 + 6 (p + 1) (2p + 1) o:i /32 + 4 (2p + 1) o:; o:i] C 

+ 3 (p + 1) (2p + 1) [o:; - o:i] /32 q} 

{ (p + 1) (2p + 1) [6 (o:; + o:D 132 +so:; o:i]}-1 

P (A+C) 
2 2 

qo - {-(p + 1) (2p + 1) o:; [12 /34 + 12 o:; /32 + 2 o:i /32 + 4 o:; o:i] A 

+o:; [36 p (p + 1) /34 + 12 po:; /32 

+12 (p + 1) (2p + 1) o:i /32 + 8 (2p + 1) o:; o:~] C} 
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{ (p + 1) (2p + 1) [3 (7 a;+ aD ,84 + 4 a; (3 a;+ 4 aD ,82 + 8 a! ai]}-1 

The explicit scattering amplitudes are found by inserting the quark-quark 
interactions TJ? ( q, P, P') and performing the remaining integrations. The 
results are in App. D. 

5.5 Spin-flavor Wave Functions 

These use the phase conventions of Close. Apparently Le Yaouanc has the 
opposite sign for the~ but the same sign for the N and A. 

(139) 

(140) 

(141) 

(142) 

(143) 

(144) 

(145) 

(146) 
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5.6 Spin-flavor Factors 

D2 

D3 

D4 

hyper finespin 

+v'6/48 

+v'6/12 

+v'6/16 

-v'6/12 

confinement 

-1/2\1'6 

-1/v'6 

-1/2v'6 

-1/v'6 

hyper f inespin confinement 
-=O w p ➔ D At Dl +3/8J2 

D2 0 
D3 +9/8J2 
D4 0 

w P ➔ n-• ~:+(s = 1/2) n1 
D2 
D3 
D4 

w P ➔ n-• ~:+(s = 3/2) n1 
D2 
D3 
D4 

5. 7 Cross Sections 

The PDG formula 

becomes 

da 
dt 

-3/2J2 
-3/J2 
-3/2J2 
-3/J2 

hyper finespin 
-7/24 
+5/6 
-5/24 
+1/2 

hyper f inespin 
-5/12 
+1/3 
-1/12 

0 
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confinement 
-5/6 
-5/3 
-5/6 
-5/3 

confinement 
-1/3 
-2/3 
-1/3 
-2/3 

(147) 

(148) 



since our Ti i is related to MI i by 

(149) 

Therefore 
du = EAEBEcEn l.9 IT i(µ)l 2 

dµ 2 7r s IAI / (150) 

where A· C = IAI ICI µ. The polarized cross section is 

EAEBEcEn ICI f 2 
us'>.';S>. = 2 7r s IAI dµ ITs'>.';s>.(µ)I (151) 

where S', S are the initial and final total spins and X, .X the z-components. 
The total unpolarized cross section is 

1 1 
Utot = 2SA + 1 25B + 1 L us'N;S>.• 

S1>.'S>. 

The channel cross section is defined as 

so that 
1 1 

Utot = 25A + 1 258 + 1 L (2S' + 1) us'S· 
S'S 
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6 Conclusion 

In this thesis we have applied the constituent quark model to meson baryon 
scattering. Specifically we have considered the problem of kaon-nucleon 
(KN) scattering, in channels which are free of qq valence annihilation. This 
is an interesting problem because KN is a model for N N, and there is a long­
standing question in nuclear physics as to whether one can derive accurate 
spin-dependent N N forces in the quark model. It is especially interesting to 
determine if quark-gluon forces can explain the large spin-orbit interaction 
in KN scattering observed experimentally. 

To treat this problem we have used the "quark Born diagram" formalism, 
including one gluon exchange forces linear scalar confinement, and Gaussian 
wavefunctions. We derived the meson-baryon scattering amplitudes analyt­
ically in this approach, and extracted elastic KN scattering phase shifts. 
We then compared these theoretical results to experimental data on KN 
scattering. 

We find that the dominant S-waves are in reasonable agreement with 
data, but that the quark-gluon forces we assume are unable to reproduce the 
phase shifts in higher-L waves given standard quark model parameters. The 
experimental spin-orbit contribution to the P-wave phase shifts for example is 
approximately three times as large as the theoretical estimate. The reasons 
for this disagreement are unclear. The presence of inelastic channels, the 
effect of other forces such as meson exchange, and the need for a better 
model of confinement are possible reasons for this discrepancy. 

D N phase shifts and J / '¢ N cross sections were also calculated using this 
approach. A knowledge of these cross sections is important for the search 
for a quark-gluon plasma in heavy ion collisions, for example at the RHIC 
facility at BNL. The work presented here is the first quark model calculation 
of DN and J /'¢N scattering. We find that these cross sections are typically 
in the 1-10 mb range at the low energy scales relevant to QGP searches. 
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A Vectors and Spherical Tensors 

A physical vector § may be expanded in terms of its spherical components 
Sµ and the spherical basis vectors eµ: 

§ = L (-)µ Sµ eµ (155) 

Sµ = § · eµ­

The eµ obey the orthonormality condition 

eµ · e_.., = (-t 6µv· 

(156) 

(157) 

The matrix elements of the spin operators are related to the CG coefficients 
by 

(158) 

It is convenient to have the cartesian components of the yLM_ Note that 
the cartesian indeces serve only to keep track of the quarks (i for quark 1, j 
for quark 2); we could equally well rely on the ordering of the spherical basis 
vectors in the following expressions. Explicitly, we have for L = 0, l, and 2 

~ 22 r.. 
i3 

y}_-l 
i3 

t..1.-1 
iJ 

zi mi - mi zi 
v'2 

mi Pi - Pi mi 
v'2 

Pi zi - zi Pi 
v'2 

mi mi 
zi mi + mi zi 

v'2 
2 zi zi + mi Pi + Pi mi 

J6 
Pi zi + zi Pi 

v'2 
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(159) 

(160) 

(161) 

(162) 

(163) 

(164) 

(165) 

(166) 

(167) 



B Integrals 

d3p Pip· e-a(p-po) = - Po· Po·+~ I 2 (7r)3/2 [ 6--i 
3 a ' 3 2a 
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(168) 

(169) 

(170) 

(171) 

(172) 

(173) 

(174) 

(175) 

(176) 



C KN,K*N Space Amplitudes 

C.1 Reduced Forms 

33/2 

J(A C) = -[2 (p + 1)2 ,32 + 3 a~] (A - C)2 
' 12 (p+ 1)2 ,82 a~ 

3 
a-----

q - 2 a~ + 3 ,82 

Po { [ 2 (p + 1) /f + 2 ( 2 p + 1) a;] A 

- [ 4 (p + 1) ,82 + 2 a;] C 

+ (p+ 1) [-3 ,82 + 2 a;] q} 
{ (p + 1) [6 fi2 + 4 a;]}-1 

Ts~!ce 1} ef(A,C) Jd3q Jd3 p Jd3 P' e-a~(P'-P~)2 e-ap(P-Po)2 

e-aq(q-qo)2 Tq9(q P P') 
Ji ' ' 

65 

(177) 



f(A, C) {- [21 a!+ 2 (8p2 + p + 11) a; /32 + 3 (p + 1)2 /34] A 2 

+ [42 a! - 48 (p2 - 1) a; {32 + 6 (p + 1)2 /34] A• C 

- [21 a!+ 2 (32p2 + 31 p + 17) a; /32 + 3 (p + 1)2 /34] c2} 

{ 12 (p + 1)2 a; 132 [6132 + 7 a;]}-1 

2 
ap, =­

a2 
p 

7a2+6132 
a - P 

q - 4 a~ (2 a~ + 3 132) 

Po - { [(p + 1) /32 + (2p + 1) a;] A 

- [ 2 (p + 1) /32 + a;] C 

+ (p + 1) a; q} 
{ (p+ 1) [3 /32 + 2 a;]}-1 

P'o = - p + C 
2 

{ -3 [ (p + 1) /32 + (2p + 1) a;] A 

+ [3 (p+ 1) 132 + (-2p+ 1) a;] c} 
{ (p + 1) [6 /32 + 7 a;]}-1 

66 

(178) 



J(A, C) 

33/2 

{-[(5p2-2p+2)a; +3(p+1)2,B2] A2 

+[-6(p2-l)a; +6(p+1)2,B2] A-C 

- (p + 1)2 [5 a; + 3 ,32] c2} 

{6(p+1)2 o; [3,B2 +a;]}-1 

3,32 + 02 
aq = 2 ,32 (2 a~ +P3 ,82) 

P 0 - { [4 (p + 1) ,82 + 2 a;] (A+ C) 

+ 3 (p+ I) ,82q} 
{ (p + 1) [6 ,82 + 4 a;]}-1 

Qo - {-[2(p+l),B2 +a;] A 

+ [(-2p+ 1) ,82 + a;] c} 
{ (p + 1) [ 3 ,82 + a;]} -l 
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(179) 



Ts~!ce 'T/ ef(A,C) I d3q I d3 p I d3 P' e-a'.,,(P'-P~)2 e-ap(P-Po)2 

e-a9(q-qo)2 Tq9(q P P') 
/1 ' ' 

J(A,C) = 
{ - [ (20/ + 4p + 5) a!+ 2 (20/ + 7 p + 5) a! /32 

+3 (p + 1)2 /34] (A2 + c2) 

+ [-6 ( 4/ + 4p - 1) a! - 12 (p + 1) ( 4p - 1) a! /32 

+6 (p + 1 )2 /34] A · C} 
{ 12 (p + 1)2 a! [6 /34 + 7 a!f32 + 2 a!]}-1 

Po 

2 
ap,=­

a2 
p 

1 1 
aq = 2 a~ + 4 /32 

[2 (p + 1) /32 + a;] 
--=--------=-- (A + C) 
(p + 1) [ 3 /32 + 2 a~] 

P-A-C 
P'o=----

2 

[(P + 1) /32 + a;] 
--=------=--- ( C - A) 
(p + 1) [ 2 /32 + a~] 
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(180) 



C.2 Explicit Amplitudes 

C.2.1 Spin-spin 

T, (Dl)(h£)--23 7ras 
space S - 3 m2 

{ 
[3 a~ + 2 (p + 1)2 /32] (A - C)2 } 

exp - 12 (p + 1)2 a~ 132 (181) 

(D2) _ 26 31/2 7r a8 a! 
Tspace (hfs) - - m2 (7 a~+ 6 !32)3/2 

exp{ {- [21 a! + (16p2 + 2p + 22) a; /32 + 3 (p + 1)2 /34] A 2 

+ 6 [7 a! - 8 (µ2 - 1) a; /32 + (p + 1)2 /34] A• C 

- [21 a! + (64p2 + 62p + 34) a; /32 + 3 (p + 1)2 /34] c 2} 

{ 12 (p + 1)2 (7 a;+ 6 /32) a; /32}-1} (182) 

29/2 31;2 1r a p /33 
T, (D3)(h£) _ s 

space S - - m2 ( a~ + 3 !32)3/2 

exp{{- [(5p2 -2p+2)a; +3(p+1)2f32] A2 

-6 [(µ2-l)a; -(p+1)2 /32] A·C 

- (p + 1)2 [5 a; + 3132] c 2} 

{ 6 (p + 1)2 (a;+ 3 /32) a; }-1} (183) 

26 31;2 1r a p a3 133 
T, (D4)(hfs) - s ------'P'------

space - - m2 (2 a~+ 3 !32)3/2 (a~+ 2 !32)3/2 

exp{ { - [ (20p2 + 4p + 5) a! + ( 40p2 + 14p + 10) a; /32 

+3 (p + 1)2 /34] (A2 + c2) 

-6 [(4p2+4p-l)a! +2(p+l) (4p-l)a;f32 

-(p+1)2/34] A·C} 

{ 12 (p + 1)2 (a;+ 2 /32) (2 a; + 3 /32) a;}-1} (184) 
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C.2.2 Coulomb 

(D1) _ 23 3 7f Os 
Tspace (coul) - (2 0 ~ + 3 (32) 

{ (4p + 1)2 (A+ C)2 } 
!1;2,3/2 12 (p + 1)2(2 0~ + 3 f32) 

exp{ {- [3 o! + (10p2 + 8p + 7) o; /32 + 3 (p + 1)2 /34] (A2 + C 2) 

+ [-6 o! + 12 (p2 - 1) o; /32 - 6 (p + 1)2 /34] A• C} 
{ 6 (p + 1)2 (2 o; + 3 /32) o; /32}-1} (185) 

24 33/2 
T (D2\coul) - 7r Os Op 

space - (2 o/ + 3 (32) (7 o/ + 6 (32) 1/2 

!1;2,3/2 { { 3 [ (2p + 1) o; + (p + 1) /32] A 

+ [(2p-1) o;-3 (p+ 1) /32] c}2 
{ 4 (p + 1)2 (7 o; + 6 /32) (2 o; + 3 /32) o;}-1} 

exp{ {- [3 o! + (10p2 + 8p + 7) o; /32 + 3 (p + 1)2 /34] (A2 + C 2) 

+ [-6 o! + 12 (p2 - 1) o; /32 - 6 (p + 1)2 /34] A· c} 
{ 6 (p + 1)2 (2 o; + 3 /32) o! /32}-1} (186) 

27/2 33/2 /3 T (D3\ 1) _ 7f Os 
space COU - (2 o/ + 3 (32) (o/ + 3 132)1/2 

{ 
( [ o~ + 2 (p + 1) /32] A + [-o~ + ( 2 p - l) /32] C )2 } 

!i;2,3/2 2 (p + 1)2 (o~ + 3132) (2o~+3132) 132 

exp{ {- [3 o! + (10p2 + 8p + 7) o! /32 + 3 (p + 1)2 /34] (A2 + C 2) 

+ [-6 o ! + 12 (p2 - 1) o! /32 - 6 (p + l) 2 /34] A · C} 

{ 6 (p + 1)2 (2 o; + 3 /32) o; /32}-1} (187) 
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T (D4) ( coul) - 24 33/2 7r as ap /3 
space - (2 a/+ 3 /32)3/2 (a/+ 2 /32)1/2 

{ 
[a~+ (p + 1) /32]2 (A - C) 2 } 

/1;2,3/2 4 (p + 1)2 (a~+ 2 (32) a~ 132 

exp{ {- [3 a! + (10p2 + 8p + 7) a; (32 + 3 (p + 1)2 f34] (A2 + C 2) 

+ [-6 a! + 12 (p2 - 1) a; /32 - 6 (p + 1) 2 /34] A • C} 
{ 6 (p + 1)2 (2 a; + 3 /32) a; /f}-1} (188) 

C.2.3 Linear 

(D1) ( . ) - 23 33 7r b 
Tspace lm - - (2 a~+ 3 /32 ) 2 

{ (4p+1)2 (A+C)2 } 
1-1/2,3/2 12 (p + 1)2(2 a~+ 3 (32) 

exp{ {- [3 a! + (10p2 + 8p + 7) a; (32 + 3 (p + 1)2 /34] (A2 + C 2) 

+ [-6 a! + 12 (p2 - 1) a; /32 - 6 (p + 1)2 /34] A. c} 
{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1} (189) 

T (D2) (lin) = - 22 3s/2 7r b (7 a~ + 6 132) 1/2 
space ap (2 a~ + 3 (32)2 

f-1/2,J/2 { {3 [(2p+l)a;+(p+l)f32] A 

+ [(2p-1) a;- 3 (p+ 1) /32] c}2 
{ 4 (p + 1)2 (7 a;+ 6 (32) (2 a;+ 3 (32) a;}-1 } 

exp{ {- [3 a! + (10p2 + 8p + 7) a; (32 + 3 (p + 1)2 f34] (A2 + C 2) 

+ [-6 a! + 12 (p2 - 1) a; /32 - 6 (p + 1)2 /34] A• C} 

{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1
} (190) 
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T (D3) (lin) = - 25/2 35/2 7r b ( a~ + 3 132) 1/2 
space /3 (2 a~ + 3 (32)2 

{
([a~+ 2 (p+ 1) /32] A+ [-a~+ (2p- 1) /32] c)2} 

f-1/2,3/2 2 (p + l)2 (a~+ 3 132) (2a~+3132) 132 

exp{ {- [3 a! + (10p2 + Bp + 7) a; /32 + 3 (p + 1)2 /34] (A2 + C2) 

+ [-6 a! + 12 (p2 - 1) a; /32 - 6 (p + 1)2 /34] A· c} 
{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1} (191) 

,..,., (D4) (1· ) - - 2 5/2 b (a~+ 2 132)1/2 
.1 space lil - 2 3 7r ap /3 (2 a~ + 3 (32)3/2 

{ 
[a~+ (p + 1) /32]2 (A - C)2 } 

f-1/2,3/2 4 (p + 1)2 (a~+ 2 (32) a~ 132 

exp{ {- [3 a! + (10p2 + Bp + 7) a; {32 + 3 (p + 1)2 /34] (A2 + C 2) 

+ [-6a! +12(p2-l)a;f32-6(p+1)2/34] A·C} 

{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1} (192) 

C.2.4 OGE Spin-orbit 

T (Dl)(QGE L. S) = 2 7r 0 8 (4p + 1) __ 1 __ 
space + m2 (p + 1) (2 a~+ 3 (32)2 

(s1 + s2) · i(A x C) 

{ (4p+ 1)2 (A+ C)2 } 
h;2,5l2 12 (p + 1)2 (2 a~+ 3 (32) 

exp{ {- [3 a! + (10p2 + Bp + 7) a; {32 + 3 (p + 1)2 /34] 

+ [-6 a! + 12 (p2 - 1) a; /32 - 6 (p + 1)2 /34] A• C} 
{6(p+1)2 (2a; +3/32)a;f32}-1} 

72 

(193) 



m2 (p + 1) (7 a~+ 6 {32)3/2 (2 a~+ 3 {32 ) 

[(2p + 1) a;+ (p + 1) /32] (s1 - s2 ) • i(A x C) 

/a;2,5/2 { {3 [(2p+l)a;+(p+l)/32] A 

+ [(2p-1) a;- 3 (p+ 1) /32] c}2 
{4 (p+1)2 (7a;+6/32) (2a;+3/32) a;}-1} 

exp{ {- [3 a! + (10p2 + Bp + 7) a; /32 + 3 (p + 1)2 /34] (A2 + C2) 

+ [-6a! +12(p2-l)a;/32-6(p+1)2/34] A·C} 

{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1} (194) 

25/2 31/2 7r a p /3i 
Tspace(D3>(OGE L · S) = + 2 

8 (p + 1)-2 

m 
(a;+ 3132)-3/2 (2a;+3132)-1 

[a;+ 2 (p+ 1) /32] (p s1 - s2 ) · i(A x C) 

{
([a~+2(p+l)/32] A+[-a~+(2p-1)/32] cf} 

ia/2,5/2 2 (p + 1 )2 ( a~ + 3 /32) (2 a~ + 3 /32) /32 

exp{ {- [3 a! + (10p2 +Sp+ 7) a; {32 + 3 (p + 1)2 /34] (A2 + C2) 

+ [-6a! +12(p2-l)a;/32 -6(p+1)2/34] A·C} 

{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-
1} (195) 

23 31/2 /3 
Tspace(D4)(OGE L · S) = - 7r ts ap 

m 
(p + 1)-2 (2a;+3132)-5/2 (a;+ 2 132)-3/2 

[a;+ (p + 1) /32] 

([2p (3p + 1) a;+ 2p (p + 1) (2p + 1) /32] S1 

+ [(6p+ 1) a;+ (p+ 1) (Sp+ 1) /32] s2) · i(A x C) 
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{
[a;+ (p+ 1) ,e2J2 (A- C)2 } 

h;2,5/2 4 (p + l)2 (a~+ 2 ,32) a~ ,32 

exp{ {- [3 a! + (10p2 + 8p + 7) a; ,82 + 3 (p + 1)2 ,84] (A2 + C 2) 

+ [-6 a! + 12 (p2 - 1) a; ,82 - 6 (p + 1)2 ,84] A. C} 

{ 6 (p + 1)2 (2 a; + 3 ,82) a; ,82}-1
} (196) 

C.2.5 Confinement Spin-orbit 

Tspace (Dl\lin L · S) = 
2 · 3 1r b ( 4p + 1) 1 

m2 (p + 1) (2 a~+ 3 ,82 ) 2 

(s1 + s2) · i(A x C) 

{ (4p+1)2 (A+C)2 } 
f i/2,5/2 12 (p + l )2 (2 a~ + 3 ,82) 

exp{ {- [3 a! + (10p2 + Bp + 7) a; ,82 + 3 (p + 1)2 ,84] (A2 + C 2) 

+ [-6 a! + 12 (p2 - 1) a; ,82 - 6 (p + 1)2 ,84] A. c} 
{ 6 (p + 1)2 (2 a; + 3 ,82) a; ,82}-1

} (197) 

T (D2) (I" L . S) - - 2 . 33/2 7r b 
space lil - 2 

m 
1 1 

(p + 1) ap (7 a~+ 6 ,82)1/2 (2 a~+ 3 ,32)2 

[(2p+ 1) a;+ (p+ 1) ,82] (s1 - s2) • i(A x C) 

!1;2,5/2 { {3 [(2p+ 1) a~+ (p+ 1) ,82] A 

+ [ (2p - 1) a; - 3 (p + 1) ,82] C }2 
{ 4 (p + 1)2 (7 a;+ 6 ,82 ) (2 a;+ 3 ,82) a;}-1 } 

exp{ {- [3 a! + (10p2 + 8p + 7) a; ,82 + 3 (p + 1)2 ,84] (A2 + C 2) 

+ [-6a! +12(p2-l)a;,B2 -6(p+1)2,B4] A·C} 
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(198) 

Tspace (D3) (lin L · S) = 
23/2 33/2 7r b P 1 

+ m2 (p + 1)2 /3(a~+3132)1/2 (2a~+3132)2 

[a;+ 2 (p + 1) /32] (p 81 - 82) · i(A x C) 

{ ( [ a~ + 2 (p + 1) /32] A + [-a~ + ( 2 p - 1) {32] C )2 } 
/1;2,5/2 2 (p + 1 )2 ( a~ + 3 132) (2 a~ + 3 132) 132 

exp{ {- [3 a! + (10p2 +Sp+ 7) a; {32 + 3 (p + 1)2 f34] (A2 + C 2) 

+ [-6 a! + 12 (p2 - 1) a; /32 - 6 (p + 1 )2 /34] A • C} 
{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1} (199) 

(D4) . 2 . 33/ 2 7r b 1 
Tspace (lm L · S) = + 2 ( ) 2 m p+l 

[a~+ (p + 1) /32] 

ap f3 (a~+ 2 132)1/2 (2 a~+ 3 132)5/2 

(2p2 (a;+2(p+l)/32] 81 

+ [(2p+ 1) a;+ (p+ 1) /32] 8 2) • i(A x C) 

{
[a~+ (p+ 1) /32]2 (A- C)2 } 

/1;2,5/2 4 (p + 1 )2 ( a~ + 2 132) a~ 132 

exp{ {- [3 a! + (10p2 +Sp+ 7) a; {32 + 3 (p + 1)2 f34 ] (A2 + C 2) 

+ [-6a! +12(p2-l)a;f32-6(p+1)2 f34] A·C} 

{ 6 (p + 1)2 (2 a; + 3 /32) a; /32}-1} (200) 
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D J /'l/J N Space Amplitudes 

D.1 Spin-spin 

16 to2 3/2 3/2 
TDl (hfs) = _ 7rV~PcOsOp QA 

space 3 ( 2 2)3/2 2 op +aA m 

exp{+ 1/48 { [+(-12 Pc4 - 36 Pc3 - 39 p/ - 18 Pc - 3 )a/ 

+(-12pc4 -36pc3 -39p/-18pc -3)o/ 

+(-64pc4 -192pc3 -208p/-96pc -16),82] A 2 

+ [ +( +48 Pc 3 + 96 p/ + 60 Pc) + 12 a/ 

+(+48pc3 +96p/+60pc +12)o/ 

+(+192pc4 + 480pc3 + 384p/ + 96pc),B2] A· C 

+ [+(-48p/ - 48pc -12)0/ 

+(-144pc4 - 288pc3 - 144p/),B2] c2} 

{(Pc+ 1)2 (2 Pc+ 1)2 (a/+ QA 2) ,82}-l} (201) 

512 r-i3 9/2 3/2 TD2 (h s) _ _ 7r V 0Pc Os Op QA 
space f - (24 4 4 2 2 21 2,82 3 2,82)3/2 2 Op + Op QA + Op + QA m 

exp{+ 1/24 {[+(-144pc4 -432pc3 -468p/ - 216pc - 36)op4 

+(-24pc4 - 72pc3 - 78p/- 36pc - 6)0/0/ 

+(-300 Pc4 - 900 Pc3 - 975 p/ - 450 Pc - 75 )o/,82 

+ ( - 20 Pc 4 - 60 Pc 3 - 65 p/ - 30 Pc - 5 ) a A 2 ,82 

+(-96pc4 - 288pc3 - 312p/-144pc - 24),84] A2 

[+(+576pc3 + 1152p/ + 720pc + 144)0/ 

+( +96 Pc 3 + 192 p/ + 120 Pc + 24 )a/a/ 

+(-288 Pc4 - 216 Pc3 + 252 p/ + 216 Pc + 36 )o/,82 

+(-48 Pc4 - 48 Pc3 + 36p/ + 48pc + 12 )oA2,B2 

+( +288 p/ + 720 p/ + 576 p/ + 144 Pc ),84] A· C 
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[ +(-576 p/ - 576 Pc - 144 )ap 4 

+( -96 p/ - 96 Pc - 24 )a/a/ 

+(-1728p/ - 3456pc3 -3096p/ -1368pc - 252)a/f32 

+(-288p/- 576p/- 504p/- 216pc)a>.2/32 -36a,>.2/32 

+(-216 Pc4 - 432 Pc3 - 216 p/)/34] C2}-l 
{(Pc+ 1)2 /32 

(2 Pc+ 1)2 (24a/ + 4a/a/ + 21 a//32 + 3a>.2 f32) }-
1

} 

64 r,;3 3/2 3/2/33 TD3 ( h 8 ) _ _ 7r V vPc Os Op 0>. 

space f - (2 a/a>. 2 + 3 a/ 132 + 3O>.2132)3/2 m2 

exp{ - 1/24 { [+(+36pc2 +36pc +9)a/ 

+(+4p/ + 4pc + l)a/ 

+(+96p/+96pc +24)/32] A2 

[+(+72pc +36)a/ 

+(-48p/-48pc -12)a/ 

+(-288 p/ - 144 Pc ),82] A· C 

[+36a/ 

+(+144p/ + 144pc + 36)a/ 

+216 p/132] c2} 

{ (2Pc + 1)2 (20/a/ + 3a/,82 + 3a/f32) }-
1

} 

TD4 (hfs) = - 5121r · r,;3p a a 9!2a 3/2133 space V v c s p >. 

(202) 

(203) 

( 8 ap 4 a>. 2 + 12 a//32 + 16a/a//32 + 21 a//34 + 3 a//34)-312 m-2 

exp{ - 1/24 { [+(+144pc4 +432p/+468p/+216pc +36)a/ 

+(+88pc4 + 264pc3 + 286p/ + 132pc + 22)a/a>.2 

+(+492 Pc4 + 1476 Pc3 + 1599 p/ + 738 Pc + 123 )a//32 
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+ ( + 20 p/ + 60 Pc 3 + 65 p/ + 30 Pc + 5 )a./ ,82 

+96 Pc 4 ,84 + 288 p/ ,84 + 312 p/ ,84 + 144 Pc ,84 + 24 ,84] A 2 

[ +( +288 p/ + 720 p/ + 576 Pc + 144 )a/ 

+( +576 Pc 4 + 1512 Pc 3 + 1764 p/ + 1080 Pc + 252 )ap 2 ,82 

+( +384 p/ + 672 p/ + 288 p/ - 24 Pc - 24 )a/a/ 

+(+48 p/ + 48 Pc3 - 36p/ - 48 Pc - 12 )a/,82 

+(-288 p/ - 720 p/ - 576 p/ - 144 Pc ),84] A· C 

[+(+144p/ + 288pc + 144)a/ 

+(+576p/ + 576p/ + 240p/ + 96pc + 24)a/a>.2 

+( +864 p/ + 504 p/ + 864 p/ + 504 Pc + 252 )a/ ,82 

+ ( + 288 Pc 4 + 5 76 Pc 3 + 504 Pc 2 + 216 Pc + 36 ) a>. 2 ,82 

+( +216 Pc 4 + 432 Pc 3 + 216 p/),84] C 2 } 

{(Pc+ 1)2 (2pc + 1)2 

(8a/a>.2 + 12ap4,82 + 16a/a/,82 + 21 a/,84 + 3a/,B4) }-
1

} (204) 

D.2 Coulomb 

48 "'2 3/2 3/2 
T Dl ( l) = 1r v ~asap a>. space COU 

(3 a>,2 ,82 + (4 a>.2 + 3 ,82) a/) ✓a/+ a>.2 

!1;2,3/2 ( 1/48 { [+(+18 p/ + 27 Pc + 9 )a/+ (+2 p/ + 3 Pc + l)a/] A 

+ [+6a/+(+24p/+24pc +6)a/] c}2 
{(a/+ a>.2 ) (2p/ + 3pc + 1)2 (4a/a/ + 3a/,82 + 3a>.2.B2 ) }-

1
) 

exp{+ 1/24 { [+(-24pc4 - 72 Pc3 - 78 p/ - 36 Pc - 6 )a/a>. 2 

+(-180 p/ - 540 Pc3 - 585 p/ - 270 Pc - 45 )a/,82 

+(-20 Pc4 - 60 Pc3 - 65 p/ - 30 Pc - 5 )a/,82 

+(-96pc4 - 288p/ - 312p/-144pc - 24),84] A 2 

+ [+(+96pc3 + 192p/ + 120pc + 24)a/a/ 
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+( +72 Pc3 + 36 p/ - 72 Pc - 36 )a/,82 

+(-48 Pc4 - 48 Pc3 + 36 p/ + 48 Pc + 12 )a/,82 

+ ( + 288 p/ + 720 Pc 3 + 5 76 p/ + 144 Pc ) ,84] A · C 

+ [+(-96 p/ - 96 Pc - 24 )a/aA2 

+(-72 p/ - 72 Pc - 36 )a/,82 

+(-288pc4 - 576p/- 504p/- 216pc -36)a/,82 

+(-216 p/ - 432 Pc3 - 216 p/),84] C2 } 

{ ( 4 a/oA 2 + 3 o/,82 + 3 a/,82) (2 Pc+ 1)2 (Pc+ 1)2 ,82}-l} (205) 

D2 192 7r v'3a8 o/f2oA 312 
Tspace(coul) = (3 aA2,B2 + ( 4 aA2 + 3 ,82) o/) 

( 24 Op 4 + 4 Op2aA2 + 21 a/,82 + 3 OA 2,82)-l/2 

/i;i,3/2 ( 9/2 { [+( +6 p/ + 9 Pc + 3 )a/ 

+(+4p/+6Pc +2),82] A 

[+2o/+(-6Pc -6p/),B2] c}2 
{ Op 2 ( 2 Pc 2 + 3 Pc + 1) 

( +(48 p/ + 72 Pc + 24 )a/ 

+(+8p/ + 12pc + 4)a/a,,.2 

+(+42pc2 +63pc +21)ap2,82 

+(+6 p/ + 9 Pc + 3 )a/,82) 

(4a/o/+3a/,B2+3a/,B2) }-1
) 

exp{+ 1/24 {[+(-24p/- 72pc3 - 78p/ - 36pc - 6 )o/o/ 

+(-180 Pc4 - 540 Pc3 - 585 p/ - 270 Pc - 45 )o/,82 

+(-20pc4 - 60pc3 - 65p/ -30pc - 5 )o/,82 

+(-96pc4 - 288pc3 - 312p/-144pc - 24),84] A2 

[+(+96pc3 + 192p/ + 120pc + 24)a/a,,.2 
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+(+36p/ + 72pc3 - 72pc -36)a/,82 

+(-48 Pc 4 - 48 p/ + 36 p/ + 48 Pc + 12 )a>,.2 ,82 

+(+288p/ + 720pc3 + 576p/ + 144pc).B4] A· C 

[+(-96p/- 96pc - 24)a/a/ 

+(-72 p/ - 72 Pc - 36 )a/,82 

+(-288 p/ - 576 Pc3 - 504p/ - 216 Pc - 36 )a/,82 

+(-216p/ - 432p/ - 216p/).B4] c2} 

{(Pc+ 1)2 (2 Pc+ 1)2 ( 4 a/a./+ 3 a/,82 + 3 a/,82) ,82}-l} (206) 

D3 961r v'3as ap 3/2a>,, 3/2 ,8 
Tspace( coul) = (3 a>,, 2 ,32 + ( 4 Q>,, 2 + 3 ,82) a/) 

( 2 a/a/ + 3 a/ ,82 + 3 a/ ,82)-112 

/i;2,3/2 ( 1/2 { [ +( +3 Pc + 2 p/ + 1 )a/a>.. 2 

+(+6p/ + 9 Pc + 3 )a/,82 

+(+2p/+3Pc +l)a/,82] A 

[+(-4Pc - 2)a/a/ 

-3 Pcap2,82 

+( +6 p/ + 3 Pc )a/,82] C }2 
{ ( 2 Pc 2 + 3 Pc + 1) 

( +( +4 p/ + 6 Pc + 2 )ap 2a>,, 2 

+(+6p/ +9Pc +3)a/,82 

+( +6 Pc 2 + 9 Pc + 3 )a>.. 2 ,82) 

( 4 a/a>..2 + 3 a/,82 + 3 a/,82) ,82}-1) 

exp{+ 1/24 {[+(-24p/-72p/-78p/-36pc -6)a/al 

+(-180 p/ - 540 Pc3 - 585 p/ - 270 Pc - 45 )a/,82 

+(-20pc4 - 60pc3 - 65p/ - 30pc - 5 )a>,,2 ,82 
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+(-96pc4 - 288p/- 312p/-144pc - 24)J34] A2 

+ [+(+96p/ + 192p/ + 120pc + 24)a/a/ 

+ ( + 72 Pc 3 + 36 p/ - 72 Pc - 36 ) a/ JJ2 

+(-48pc4 -48pc3 + 36p/ +48pc + 12)a/J32 

+( +288 p/ + 720 p/ + 576 p/ + 144 Pc )J34] A· C 

+ [+(-96 p/ - 96 Pc - 24 )a/a/ 

+(-72 p/ - 72 Pc - 36 )a/J32 

+(-288 p/ - 576 p/ - 504 p/ - 216 Pc - 36 )a/ J32 

+(-216 p/ - 432 Pc3 - 216 p/)J34 ] C2 } 

{ (4a/a_x2 + 3a/J32 + 3a/,B2) (2pc + 1)2 (Pc+ 1)2 J32}-l} (207) 

Ts~!ce ( coul) = 192 V31r Q 8 ar512 al312 JJ ( 3 al2 J32 + ( 4 al2 + 3 J32) ar2 ) -l 

( 2 )-1/2 8 ar4 al + 12 ar4 JJ2 + 16 ar2 al2 J32 + 21 ar2 J34 + 3 al2 J34 

!1;2,3/2 (1/2 { [+4p/a/a.x2+6pca/a/+2a/a/ 

+12p/a/J32 + 18pca/J32 +6a/J32 

+2 Pc 2a/ JJ2 + 3 Pc Q_x 2 JJ2 + QA 2 JJ2 

+12p/J34 + 18pcJJ4 + 6J34] A 

[+(-8pc - 4)a/a/ 

-6 Pc ap 2JJ2 

+(-12 p/ - 18 Pc - 6 )a/J32 

+(-18p/-18pc)JJ4] c}2 
{ ap 2 ( 2 Pc 2 + 3 Pc + 1) 

(+(+16p/+24pc +8)a/a/ 

+( +24 p/ + 36 Pc + 12 )a/ J32 

+( +32 p/ + 48 Pc + 16 )a/a/ J32 

+( +42 p/ + 63 Pc + 21 )a/ J34 

+(+6p/+9pc +3)a/J34) 
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(4a/a/ + 3a/f32 +3a/f32) f32}-1) 

exp{+ 1/24 {[+(-24pc4 - 72p/ - 78p/ - 36pc - 6 )a/a>.2 

+( -180 p/ - 540 p/ - 585 p/ - 270 Pc - 45 )a/ /32 

+(-20 Pc4 - 60 Pc3 - 65 p/ - 30 Pc - 5 )a/{32 

+(-96pc4 - 288pc3 -312p/-144pc -24)/34] A 2 

+ [+(+96p/ + 192p/ + 120pc + 24)a/a/ 

+(+72pc3 + 36p/ - 72pc -36)a/f32 

+(-48 Pc4 - 48 p/ + 36 p/ + 48 Pc + 12 )a//32 

+ ( + 288 Pc 4 + 720 Pc 3 + 5 76 p/ + 144 Pc ) /34] A · C 

+ [+(-96p/ - 96pc - 24)a/a/ 

+(-72 p/ - 72 Pc - 36 )a/{32 

+(-288 Pc 4 - 576 p/ - 504 p/ - 216 Pc - 36 )a/ /32 

+(-216 p/ - 432 p/ - 216 p/)/34 ] c2} 

{ ( 4 a/a/+ 3 a//32 + 3 a//32) (2 Pc+ 1)2 (Pc+ 1)2 /32}-l} (208) 

D.3 Linear 

432 7f ../2✓~ 2 + a>. 2a 3/2a>. 3/2b 
TDl (l' ) p p 

space m = - (3 0,>.2(32 + (4 0,>.2 + 3 (32) a/)2 

f-1/2,3/2 (1/48 { [+(+18p/ + 27 Pc+ 9)a/ + (+2p/ + 3pc + l)a.>.2] A 

+ [+6a/ + (+24p/ + 24pc + 6 )a/] cf 
{(a/+ a/) (2p/ + 3pc + 1)2 (4a/a/ + 3a/f32 + 3a/f32 ) }-

1) 

exp{+ 1/24 {[+(-24pc4 -72p/-78p/-36pc -6)a/a.>.2 

+(-180 Pc4 - 540 Pc3 - 585 p/ - 270 Pc - 45 )a/{32 

+(-20 p/ - 60 Pc3 - 65 p/ - 30 Pc - 5 )a/{32 

+(-96p/-288pc3 - 312p/-144pc - 24)/34] A 2 

[ +( +96 Pc 3 + 192 p/ + 120 Pc + 24 )a/a/ 
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+( +72 Pc3 + 36 p/ - 72 Pc - 36 )o:/,82 

+(-48 Pc4 - 48 Pc3 + 36 Pc2 + 48 Pc + 12 )a_x2 ,82 

+( +288 p/ + 720 Pc3 + 576 p/ + 144 Pc ),84] A· C 

[+(-96p/- 96pc - 24)0:/a/ 

+(-72 p/ - 72 Pc - 36 )o:/,82 

+(-288pc4 - 576pc3 -504p/ - 216pc - 36)a/,B2 

+(-216 p/ - 432 p/ - 216 p/),84] c2 } 

{ ( 4 a/a/ + 3 a/ ,82 + 3 o:/ ,82) (2 Pc+ 1 )2 (Pc + 1 )2 ,82 }-l} (209) 

T8~~ce(lin) = - 72 v'31r b..jci;o:.x 3/ 2 

✓24ap4 + 4alo:.x2 + 21 o:p2,82 + 3a_x2,B2 

( 3 a/ ,82 + ( 4 o:/ + 3 ,82) o:/)-2 

f-1/2,3/2 (9/2 { [+(+6p/ + 9pc + 3 )a/ 

+(+4p/ + 6pc + 2),82] A 

[+2a/ + (-6pc -6p/),B2] c}2 
{ ap 2 ( 2 Pc 2 + 3 Pc + 1) 

( +( 48 p/ + 72 Pc a/ + 24 )o:/ 

+( +8 p/ + 12 Pc + 4 )o:/o:/ 

+( +42 p/ + 63 Pc + 21 )o:/ ,82 

+{+6 p/ + 9 Pc + 3 )0:/,82) 

( 4 a/a.x 2 + 3 o:/ ,82 + 3 o:/ ,82) }-
1

) 

exp{+ 1/24 {[+{-24p/- 72pc3 -78p/-36pc -6)a/o:.x2 

+(-180 Pc4 - 540 Pc3 - 585 Pc2 - 270 Pc - 45 )ap2 ,82 

+(-20pc4 - 60pc3 - 65p/ -30pc - 5 )a_x2,82 

+(-96pc4 - 288p/- 312p/-144pc - 24),84] A2 

+ [+(+96pc3 + 192p/ + 120pc + 24)o:/o:_x2 
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+(+72pc3 + 36p/ - 72pc -36)a/,B2 

+(-48 Pc4 - 48 p/ + 36 p/ + 48 Pc + 12 )a/,82 

+( +288 p/ + 720 p/ + 576 p/ + 144 Pc ),84] A· C 

+ [+(-96p/ - 96pc - 24)a/a/ 

+(-72 p/ - 72 Pc - 36 )a/,82 

+(-288pc4 - 576pc3 - 504p/ - 216pc - 36 )a/,82 

+(-216pc4 - 432pc3 - 216p/),B4] c2} 

{ ( 4 a/a>.2 + 3 a/,82 + 3 a/,82 ) (2 Pc+ 1)2 (Pc+ 1)2 ,82}-l} (210) 

Ts~!ce(lin) = - 144 v'37r b a/12a>. 312 

✓2 0 P20 >.2 + 3 0 P2,32 + 3 0 >.2,32 

(3a/,B2 + (4a/ + 3,82) a/)-2 ,3-1 

f-1/2,3/2 (1/2 { [+(+2p/+3pc +l)a/a>.2 

+(+6p/ +9pc +3)a/,B2 

+(+2p/+3pc +l)a/,82] A 

[+(-4Pc - 2)a/a/ 

-3 Pc ap2,32 

+(+6p/+3pc)a>.2,B2] c}2 
{ ( 2 p/ + 3 Pc + 1) 

( +( +4 p/6 Pc + 2 )a/a/ 

+(+6pc2 +9pc +3)a/,B2 

+(+6 p/ + 9 Pc + 3 )a>.2,82) 

( 4a/a/ + 3a/,B2 + 3 a/,82 ) ,82}-1) 

exp{+ 1/24 {[+(-24pc4 - 72pc3 -78p/-36pc -6)a/a>.2 

+(-180 p/ - 540 p/ - 585 p/ - 270 Pc - 45 )a/,82 

+(-20 Pc4 - 60 Pc3 - 65 p/ - 30 Pc - 5 )a>.2 ,82 
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+(-96p/ - 288pc3 - 312pc2 -144pc - 24),84] A2 

+ [+(+96pc3 + 192p/ + 120pc + 24)a/a/ 

+( +72 p/ + 36 p/ - 72 Pc - 36 )a/,82 

+(-48 p/ - 48 p/ + 36 p/ + 48 Pc + 12 )a/,82 

+( +288 Pc 4 + 720 p/ + 576 p/ + 144 Pc ),84] A· C 

+ [+(-96 p/ - 96 Pc - 24 )a/a/ 

+(-72 p/ - 72 Pc - 36 )a/,82 

+(-288 p/ - 576 Pc3 - 504 p/ - 216 Pc - 36 )a/,82 

+(-216p/ -432pc3 - 216p/),B4] c2 } 

{ ( 4 a/a>. 2 + 3 a/ ,82 + 3 a/ ,82) (2 Pc+ l )2 (Pc + 1 )2 ,82 }-l} (211) 

Ts~!ce(lin) = - 72 V31r .,fti;a>. 312 

✓8 ap 4a>. 2 + 12 ap 4 ,82 + 16 a/a>. 2 ,82 + 21 ap2 ,84 + 3 Q>, 2 ,84 

( 3 a/ ,82 + ( 4 a/+ 3 ,82) a/)-2 ,3-1b 

f-1/2,3/2 (1/2 { [+(+4p/+6pc +2)a/a/ 

+(+12p/+18pc +6)a/,B2 

+(+2p/ + 3pc + l)a/,82 

+(+12p/+18pc +6),84] A 

[+(-8Pc - 4)a/a/ 

-6 Pc ap2 ,82 

+(-12 p/ - 18 Pc - 6 )a/,82 

+(-18p/-18pc).B4] c} 2 

{ ap 2 ( 2 Pc 2 + 3 Pc + l) 
(+(+16p/+24pc +8)a/a/ 

+(+24p/+36pc +12)ap4,B2 

+( +32 p/ + 48 Pc + 16 )a/a/ ,82 

+( +42 p/ + 63 Pc + 21 )a/ ,84 
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+( +6 p/ + 9 Pc + 3 )a/ ,84 ) 

( 4 a/a/+ 3 a/ ,82 + 3 a/,82) ,82}-
1

) 

exp{+ 1/24 {[+(-24pc4 -72pc3 - 78p/ - 36pc -6)a/a/ 

+(-180 p/ - 540 Pc3 - 585 p/ - 270 Pc - 45 )a/,82 

+(-20 Pc4 - 60 Pc3 - 65 p/ - 30 Pc - 5 )a/,82 

+( -96 Pc 4 - 288 p/ - 312 p/ - 144 Pc - 24 ),84] A 2 

+ [+(+96pc3 + 192pc2 + 120pc + 24)a/a/ 

+(+72pc3 + 36p/- 72pc -36)a/,B2 

+(-48pc4 -48pc3 + 36p/ + 48pc + 12)a/,B2 

+( +288 p/ + 720 Pc 3 + 576 p/ + 144 Pc ),84] A· C 

+ [+(-96 p/ - 96 Pc - 24 )a/a/ 

+(-72 p/ - 72 Pc - 36 )a/,82 

+(-288 p/ - 576 p/ - 504 p/ - 216 Pc - 36 )a.\ 2 ,82 

+(-216 p/ - 432 p/ - 216 p/),84] c2 } 

{ ( 4 a/a/+ 3 a/,82 + 3 a/,82) (2 Pc+ 1)2 (Pc+ 1)2 ,82}-l} (212) 
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Figure 1: Quark line diagrams. 
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Figure 2: Theoretical S11 KN phase shift. The experimental phase shifts of 
Hashimoto ( triangles with error bars) and the RG M theoretical phase shifts 
of Lemaire, et al. ( circles and squares, two wave functions) are shown. 
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Figure 3: Theoretical P11 KN phase shift. The symbols are as in Fig. 1. 
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Figure 4: Theoretical P13 KN phase shift. The symbols are as in Fig. 1. 
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Figure 5: Theoretical D 13 KN phase shift. The symbols are as in Fig. 1. 
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Figure 6: Theoretical D15 KN phase shift. The symbols are as in Fig. 1. 

92 



-40 

-60 
S-wave 

, P-wave 
., D-wave 

;; ;i 

KN 

! ,j .;--r 
•;l I ~ 

-80 '-----~~~~-L-~~~~---'-~~~~---'-~~~~---' 

0 0.5 1.5 2 
Plab [GeV] 

P., 

S ., 
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Hashimoto. 
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Figure 8: Theoretical l=l KN OGE spin-orbit phase shifts. The data points 
are from Hashimoto . 
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Figure 9: Theoretical l=l KN confinement spin-orbit phase shifts. The data 
points are from Hashimoto . 
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Figure 10: Theoretical S01 KN phase shift. The symbols are as in Fig. 1. 
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Figure 11: Theoretical P01 KN phase shift. The symbols are as in Fig. 1. 
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Figure 12: Theoretical P03 KN phase shift. The symbols are as in Fig. 1. 
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Figure 13: Theoretical D03 KN phase shift. The symbols are as in Fig. 1. 
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Figure 14: Theoretical D05 KN phase shift. The symbols are as in Fig. 1. 
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Figure 16: Theoretical 1=0 KN OGE spin-orbit phase shifts. The data 
points are from Hashimoto . 
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Figure 17: Theoretical l=O KN confinement spin-orbit phase shifts. The 
data points are from Hashimoto . 
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Figure 19: Theoretical S11 DN phase shift. 
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Figure 20: Theoretical P11 DN phase shift. 
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Figure 21: Theoretical P13 DN phase shift. 
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Figure 22: Theoretical D13 DN phase shift. 
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Figure 23: Theoretical D15 D N phase shift. 
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Figure 24: Theoretical 1=0 D N phase shifts. 
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Figure 25: Theoretical S01 DN phase shift. 
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Figure 26: Theoretical P01 DN phase shift. 
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Figure 27: Theoretical P03 DN phase shift. 
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Figure 28: Theoretical D03 DN phase shift. 
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Figure 29: Theoretical D 05 DN phase shift. 
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Figure 31: Theoretical 1=1 S=l/2 P- and D-wave K* N phase shifts. 
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Figure 32: Theoretical 8=3/2 S11 K* N phase shift. 
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Figure 33: Theoretical l=l 8=3/2 P- and D-wave K* N phase shifts. 
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Figure 34: Theoretical S=l/2 S01 K* N phase shift. 
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Figure 35: Theoretical 1=0 S=l/2 P- and D-wave K* N phase shifts. 
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Figure 36: Theoretical 8=3/2 S01 K* N phase shift. 
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Figure 37: Theoretical 1=0 8=3/2 P- and D-wave K* N phase shifts. 
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Figure 38: Theoretical l=l S=l/2 K* N total phase shifts. 
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Figure 40: Theoretical I=l 8=3/2 K* N total phase shifts. 
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Figure 41: Theoretical 1=0 8=3/2 K* N total phase shifts. 
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Figure 42: Theoretical 1=1,0 S=l/2,3/2 K* N OGE spin-orbit phase shifts. 
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Figure 43: Theoretical 1=1,0 S=l/2,3/2 K* N confinement spin-orbit phase 
shifts. 
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Figure 44: Theoretical S11 KN ➔ K* N inelasticity. 
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Figure 45: Theoretical l=l P- and D-wave KN -+ K* N inelasticities. 
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Figure 46: Theoretical S01 KN -+ K* N inelasticity. 

132 

2 



KN-->K0 N KN--> K0 N 
p• S-1/2 p• S• 112 

20 20 

10 / 10 ----7"' 

0 - 0 ~ ---
;/ 

,,.,,,,- _..,_;:::::.... 

I -10 I -10 
, _ ~=::~-

.,,. .,,. 
-20 -- -20 --Iii Iii 

- ogoLS - ogoLS 

-30 
· lilLS 

-30 
linLS - --

-«> 
0 0.5 1 1.5 

_.., 
0 0.5 , 1.5 

P.[GoVJ P.[GoV] 

KN--> K0 N KN--> K0 N 
o. s-112 o. s.112 

10 10 

a 

/ • 

I 0 I 0 

------------ - -

- _:...:--..-<". 
-2 - -2 .,,. --- hlo 
-4 -- -4 --lln Iii ... - ogoLS ... - ogoLS 

lilLS - l~LS -- --... ... 
-10 -10 O 

0 0.5 , 1.5 0.5 1 1.5 
P.[GoV] P.[GoV] 

Figure 47: Theoretical 1=0 P- and D-wave KN ➔ K*N inelasticities. 
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Figure 49: Theoretical 1=0 KN -+ K* N total inelasticities. 
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Figure 50: Theoretical l=l KN ➔ K* N OGE spin-orbit inelasticities. 
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Figure 51: Theoretical 1=0 KN--+ K* N OGE spin-orbit inelasticities. 
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Figure 52: Theoretical l=l KN ➔ K* N confinement spin-orbit inelasticities. 
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Figure 53: Theoretical l=O KN ➔ K* N confinement spin-orbit inelasticities. 
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