ABSTRACT OF THESIS

Name of Candidate ........ TAMARAS.EISEN SCHITZ ..................................................................................................

Address DEPARTMENTOFPHYSICS,JAMESCLERKHAMLLBUIWINQ,WIELD RD,
Degree DOCTOR .OF PHILOSOPHY ‘ " Date ........... AUGUST:l97un ........

......................................................................................................

Title of Thesis ... PEAOTOPRODUCTION AND ELECTROPRODUCTION IN THE QUARK MODEL

.....................................................................................................................................................................

R T Yy Ry Y Ty P PP PP P T PPYTPTT PPNy

The simple non-relativistic model of quarks in an harmonic
osci;lgtor‘potenfiél as developed by Faiman and Hendry and
coplo}, Karl and‘Obryk iﬁ used in resonance photo and,olebtro$ .
production to calculate transverse and longitudinal eross-sections
and investigate their frame dependence. '

Dué_to oonflictiﬁg experimental data on the helicity structure
of electroproduction amplitudes the ratio of transverse helicity
amplitﬁdes is also caloulated and compared in vapioub frames,

The results are compared with similar ones using a Coulomb=
like 1/r potential which improves the behaviour of the ratio but
deoreases the overalllnormaiiaat;oh of the wavefunptipns. Return~
ing to the harmonie osecillator, modifications. due to spin orbit
terms are found to give better fits to the data.

Now we go on to the problems of SU(6) breaking and of rela-
tivistic quark models, They are dealt with together and the two
main approaches 1nvestigated. The Melosh apppoach is to oclassify
the constituent quarks and the ocurrent quarks according to dis~
tinot SU(6) groups and have a unitary transformation between them
to account for configuration mixing. The angular momentum structure
imposed on the eleotromagnetic interaction by the Melosh transfor=-
mation is shown to be that aotuall? present in the ourrent used,
Also a modification to first order to acocount for electromagnetic
interastions is introduced.

The other approach is to attribute the symmetry breaking to
the interaotion and ocalculate it direotly. For this, we use the
solution of the Bethe-Salpeter equation developed by Kellett.

Use other side if necessary.



Electroproduction matrix elements are calculated and .
compared with previous prediotions. VIn the conclusion
the possibility of unifying the two approaches is -
mentioned briefly. | |
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ABSTRACT

The simélewnon-relativistic model of quarks in an
harmonic oscillatof potential as developed by Faiman and
Hendry and Copley, Kafl'and Obryk is used in resonance
photo and electroproduction to caleulate transverse and
longitudinal crOSstectioné and inﬁestigate their frame
dependence.,

Due to cbnflicting experimental data on thé helicitj
structure of electroproduction‘amplitudes the ratio of
transverse helicity ampiitudgs is also calculated and
compared in various frames. |

The results‘are compared with similar ones using &
Coulombflike 1/r potential which improves the behaviour
of the ratio but dedreases ﬁhe overalltnormaliSation of
the wavefunctions. Returning to-the harmonic oscillator,
mbdifications due to sgin orbit terms are found to give
better fits to the data.

Now we go on to the problems of SU(6) bresking énd
of relativistic quark models. They are dealt with
together gnd the'two_main approaghes~investigated. The
Melosh approach is to classify the constituent quarks and
the current quarks.according to distinct.SU(é) groups and
have a ﬁnitary transfdrmation between them to account for
configuration mixing. The angular momentum structure
imposed on' the electromagnetic interaction by the Melosh

transformation is shown to be that actually present in



the current used. Also a modification to first order to
account for electromagnetic interactions is introduced.
The other approach is to attribute the symmetry
Breaking to the interaction and célculate it directly.
F§r this, we use the solution of the Bethe-Salpeter
equation developed by Kellett. Eleotroproduction
matrix elements are oalculated and compared with previous
predictions. In the conclusion the possibility of

unifying ﬁhe two approaches is mentioned briefly.
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INTRODUCTION

Qﬁarks as constituents of hadrons were proposed by
Gell Mann(l) and independently by Zweig in 196l as a physical
realisation of SU(3). The fundamental non-trivial multiplet
in SU(3) is a triplet, so they suggested that therse exists a
fundamentel triplet of "quarks“ out of which all mesons and
baryons are constituted as bound sfateé. In this way the
mesons and baryons would form SU(3) multiplets.
| This was just a classification scheme,'but when quarks
és either real or fictitious particlés found aéceptance it
was naturally asked how thé bound states would form.  Baryons
would consist of three’Quarks and mesons of a quark anti-
quark pair which is a.stpqnger requirement than just SU(3)V
symmetry as only singlets, octets and decuplets are allowed.
Thé question is, what are-the'interquérk forces? 1In this
‘thesis we will be entirely concerned with baryons.

Dalitz had been suggesfing(z) that the knovn N¥ 4
resonances, which canvbe grouped int$ reasonably‘weli defined
%ands, should be-interpreted as éxcitations of a basic three
quark system. Thié would be an SU(6) classification scheme
 ‘where multiplets of the SU(3) scheme with different spins but
the same parity would be grouped in SU(6) supermultiplets.

- The resonances fit ﬁhis scheme very well and the bands of

positive and negative parity respectively seem to be approxi-

(3)

mately evenly spaced. This suggested to Faiman and Hendry
that the qgquarks should have spring forces between them and

they set up a model of quarks in an hermonic oscillator
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potential. They.gavg‘the detailed wavefunctions describing

- the non-spurious states left after centre of mass separa-

(l)

tion. Copley, Karl and Obryk (CKO) then used this model
to calculate resonance photoproduction off nucleons. The.
model will be referred to as the CKO model since they
established the helicity formalism which we will use. For

photoproduction, helicity émplitudes are very convenient to
3.

2 L ]
electroproduction the photon 1is virtual and has an additional

calculate, the possible helicities being %— and For

degree of freedom, zero helicity. This case has been con-

(5)

sidered by Thornber who calculéted matrix elements in the
same model all in terﬁs of electric, magnetic and lgngitudinal
multipoles. - Taking linear combinations of the electric and
magnetic multipoies also gives a useful check on the consis-
. tency of-the two séts of calculations.

Abdullah and Close(é)'pointed out that gince the model
is hOnfrelativistic, amplitudés gnd crossfséctions will be
framé dependent. The calcylations_of CKO and Thornber were
all in the isobar rest frame so wé have calculated transverse
and lohgitudinal cross-sections and the ratio of transverse
ampiitudes in the isobar frame as before, and then in the
Breit frame, in order to compare them and-see the'degree of
frame dependence. The Breit frame was chosen beéause it has
: béen argued by Abdullah and Close ahd others fhat this is the
most physicalvframe.b.Amplitudes were calculated for the |
F15(1688)» in order-to establish the,vélue of the oscillator
épring constant,'the one free parameter, from the assumption |
of zero helicity'l excitation in photoproducﬁion. This aasump-

2
tion is made because photoprqduction'experimsnts indicate zoro
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F 5 excitation in the forward and backward directions. The

1
~helicity %, amplitude vanishes here by angular momentum
conservation, so the helicity % amplitude must be zero.,
Then cross-sections were derived for the two main resonances
in the second resonancé'région, the D13(1520) and 811(1535).
The ratio of transverse helicity amplitudes was calculated
for the D13. |

The ratio of transverse amplitudes was the original
motivation for this work. Close and Gilman(7) pointed out
that aécopding.to the harmonic oscillator model the ratio
changes very rapidly with photon'four-momentum squared (qz);
while the data existing'at that time indicated no change.
Héfe was a very direct contradiction. Siﬁce the ratio had
been calculated for the isobar frame we calculated it in the
,Breit'fraﬁe but there is little difference.l

The next step was to try another potential with better
behaved form factors to see what effect this would have on
the ratio. The Coulombfllge % potential was chosen, as its
wavefunctions repréduce the observed dipole elastic form

(8)

factors. Thornber had calculated the multipole moments

in the isobar frame and found that cross-sections were far
too small, but'again we wanted to see the effect of frame
 dependence. Also.Cho(g) hed compared the ratios in fhe two

2

models but only at two valueé of q and only in the isobar

4frame. So we compared the ratios in the Breit frame all the

way from q2

=0 to -1. The ratio indeed changes much
less but, because the cross-sections are still far too small,

‘this is not really a suitable potential.
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Returning to the harmonic oscillator model, second
ofder_(spinforbit) térms were added to the intersction
Hamiltonian. This was first done by Bowler(lo) but he .
used heavy quarks with an anomalous magnetic moment, while
the CKO model which we use has light quarks with a g
factor of 1. Spin orbit terms add only small contributions
to the amplitudes but by changing the value of the spring
constant; the raﬁio'change becomes much flatter. It was
foﬁnd that the ratio is very sensitive to the value. of the
. spfing constant. PFixing it by the F15 .cancellation as
before, this second order model still gives cross-—sections
in good agreement since the new terms ére.small; in fact
better agreement as there is experimental evidence for a
'vspin orbit term, as will be discussed in Chapter 3. Thé
‘only inconcistency is that we need a large quark mass with-
4out changing the g factor in order to maintain mutual can-

cellation for the D and FlS helicity amplitudes. How-

13
ever it may be argued that. this is less of an inconsisteﬁcy
‘than the light quark mass. The ratio is also flatter and
therefbra in befter agréement with the data, especially as
:'more recent experiments do indicate some changé,in the ratio.
So finally this is the model with the best overall agreement
of all the variarits ﬁe have been investigating. For more
details of this tyﬁe of model and its successes and failures
seevconference'reviews such as References 11 and 12.

Now we come to two problems. First of all the model is

SU(6) invariant with respect to particle classification only,

'whiie the real world has also symmetry with respect to
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_ interactions (vertex symmetry) which is not the same SU(6)
invariance. The vertex symmetry, current algebra, is
derived from the quark model too, so while not equal, there
may be some relationship between them. Note that we are not
concerﬁéd here with the SU(6) symmetry breaking which creaﬁes-
mass-splittings within SU(3) multiplets; Secondly, the model
is non-relativistic and a complete description of interactions
would require a relativistic extension. The two problems are
linked since a Lorentz boost affects spins and SU(6) is a
;nbn-relétivistic group only |

The first attempts to create a relativistic model were
very simple(lB’ lu), just reproducing the CKO model with four
vectors essentiélly and patching up difficulties in en ad hoc
way. Since then, two distihct lines of progress have develop-
- ed. In one, two SU(6)'s are postulated ("ecurrent" and
"econstituent" quarks) and a transformation between them cbnf
structed. This was developed by Melbsh(lg).. It has its
greatest poﬁer in predicting the symmetrieé involved in inter-
-actions. .Hey'and Weyers(lé) found the spin and angular momen-
“tum contenf‘to be expedted fér the electromagnetic current and
we have compared this with the content of the current derived
) by Foldy-Wouthuysen transforming the relativistic current.
We found that the terms requirecd are there and no extra ones,
even though in.practice one term with ASIZ = 2 1is so small
that it was ignored in theory and not distinguished by experi-
ment (L = orbital angular momentum). The transformetion was
explicitly constructed‘by Melosh only for the free quark model.

Explicit predictions for cross-sections etc. can be obtained



using it, but the transformation is not exact when inter-
actions are involved. On the one hand, there are the inter-
‘actions binding the quarks to form hadrons and then there-are
external forces like the electromagnetic interaction for
electroproduction. Melosh gave a prescription‘for including
interactions to first ordef, and using that, a first order
transformation fulfilling the requirements of the Melosh
transformation in thé presence of an external electromagnetic
field was found.

The other sapproach is jﬁst'to have classification
SU(6) symmetry. The dynamics is obtained by solving the.
. Bethe-Salpeter equation and the SU(6) symmetry is dynamically
broken. This approach was uéed by BBhm, Joos and Krammer(l7)
with heavy quarks and a smooth ladder-type kernel mainly for
mesons. The’only really detailed and realistic description

of baryons along the same lines is that of Kellett(lax

L (19)

generdlising the work of Brodsky and Primac on relati-
vistic composite systems,to three quarks and sfrong binding.
"We will therefore refer to it as Kellett's modél, even though
the ideas are much older. We use the model to calculate
electroproduction matrix elements bdth as a first approxima-
tion to the non-relativistic ones and the éomplete solutions.

These two approaches are different and ihdependent.
There has been no attempt to unify them but the possibility
is discussed at the end.

The'plan of this thesis is as follows. In Chapter 1l the
non-relativistic harmonic oscillator quark médel applied to
resonance photo~ and electroproduction off nucleons is dis-

cussed. In Chapter 2 the % potential is tried and in
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Chapter 3 wé return to the harmonic oscillator including
higher order terms. Chapter li is a short intérmediate
chapier, reviewing the problems of relativistic quark
models and the forms of symmetry bresking. The algebraic
approach of Melosh and its implications are set out in
Chepter 5 and Kellett's eiplicit dynamical symmetry break-
ing in Chapter 6., In the conclusion the futurs unification

of the two approaches is briefly considered.
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CHAPTER 1 -

THE HARMONIC OSCILLATOR POTENTIAL

Oonly a brief review is needed as this model has been -
thoroughly discussed in the literature. for instance

References 11 and 12.

The potential is V(r) = -% mePre,

There is one free parameter, the spring constant a2,= mw.,

a. The Quark States

The quarks can be in the ground state representing the
‘nucleon N or the A(1236), or have orbital angular mo-
mentum L and represent resdnances. - The states énd par-
ticles are denqped by spectroscopic notatidh. Wé are spseci=
fically interested in the proton (p) ~in the [56, 0%], the
Dy4(1520) and 53, (1535) in the [70, 17] and the F,;(1688)
in the [56, Zﬁ]. ‘

. The resénance élassification scheme and state wave-

functions are discussed further in the Appendix.

b. The Electromagnetic Interaction

Following CKO(M) the total interaction, taken as three
times thé interaction with the third quark (because there are
three quarks each of which has the same chance of interacting

and haé the same Hamiltonian for doing so) is

h] s
_ i 5 ~;kz3 1 _
Bo= 6@ paye (s, + 1505 = 5lo, +ipy)3]



where the photon has helicity +1 which is right-hand

circular polarisation g = :% (1, i, 0). The photon
v

3 momentum k is taken as the quantisation axis along the

Zq direction with k = Igl . Also a; is the average

charge on the third quark as a fraction of the electron

charge 6, 8 = %g' where ¢ 1s a Pauli spin matrix,
and " p = q-%ﬁ s 1s the quark magnetic moment with
. a '
b= g = %ﬁ— the scale magnetic moment.
' q

Matrix elements of H between the wavefunctions of the
appendix yield transverse amplitudeé. There sare two indepen-

dent ones, (the photon always has helicity +1).

initial nucleon finsl resonance

: -1 1

Ay ] "3 t3
1 L3

As/o 3 t3

'These helicity amplitudes are obtained by use of Clebsch-
Gordan coefficients as linear combinations of the spin flip and

orbital flip amplitudes which are actually calculated.

_ s or A -3 \ s
Spin f1lip Rip = <“’Lo | | e ¥, >

= <ws or A -ik‘ZB. (P +ip )3, Woo>

- where s = symmetric representation and A is the even

Orbital flip R

mixed symmetry representation.

Ali the wavefunctions have a common exponential
2 _ 2

- . s , kK
8xXp (—-72-) which bscomes exp{

L rd) upon elimination of the
a 6a - ‘



motion of the centre of mass.

Doing the calculations CKO found for ‘instance for the

D13 that
A _ ik -2 /64
Rio = — °
J3a
2, 2
A — . [2 -k~ /6ba
Rll = i j; a e
2 % A 1 _2A
_ 2% = - 1
2 z '
= - (&X B gh
As/0 &) g B

There is a summary of helicity amplitudes for the three
resonances we are'interested in at the end of the next section.

Assuming that the magnetic moment of a hadron is the sum
of the magnetic moments of its quarks ieads to the magnetic

moment of the proton.
- - o
= ) = ) 2‘79 5 .

Hp o

Writing the quark magnetic moment as g pé A with

e m ~

= 2 ' = g - s . &
Hq 2mq we hgve g 2.79 m . A consistent choice
of gyromagnetic ratio is g = 1 which, combined with p from
experiment, leads to my = % MN (about 0.33 GeV). Any

larger g would imply an anomalous magnetic moment which
would require an additional term in the electromagnetic
current.

The spring constant a' is fixed sb that the helicity %
: amplitpdq for the ’F15 is zero for photoproduction. A well

2
amplitude is alsc almost zero as required by experiment. In

known success. of this model is that the D13 helicity i
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this way a2 = 0.17 GeVZ. Now with no other parametérs the
model has made accurate predictions for the amplitudes for
other resonances and other processes. For details there-

are many reviews such as References 1l and 12. These suc~
cesses have made it worthwhile to continue usingtthe model

and see just how far one can take it.

c. Multipole Moments

A useful check on the amplitudes of the previous séction
can be ﬁadé by calculating the electric and magnetic multi-
pole moments féllowing Thornber(S). Operators now act on
eigenstates of total angular momentum rather than helicity
bﬁt appropriate_linear combinations of the amplitudes give
‘A1/2 and A3/2 . Checking that both methods give the same
result and finding the relative'normalisation between themnm,
the longitudinal multipole for virtual photons easily follows

and thus the longitudinal ampiitﬁde Ao in the CKO scheme.

Transverse multipoles

They are distinguished‘by parity, the magnetic having

parity (1) and the electric (-1)%h .
Electric current i =14 * I
- 1 : -
wheré 3 = Zimq (W v, ~ ¥, ¥ qﬁ:‘)’ )
. L = . ) '
and 2 e L x (Vg T .
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Magnetic multipole is Mp, = ‘j.dgg(jL(kr) XiLM)'J

I A O s ,
Electric multipole is E., = f d E‘ZXJL(kr)-XLLM)‘J
where XiLM is a vector spherical harmonic and jL(kr) is

a spherical Bessel function.

For instance for the D13 we have a negative parity
transition from an angular momentum state '% to %. So
orbital angular homentum L = 1 or 2 and we have

multipoles El1 and M2.

2 L _ V3
Al/2 = sE1 5 M2
— 1 /3

Only the L velue of the multipole matters. The M is
accounted for by calculating reduced ﬁatrix elements using
the Wigner Eckart theorem. So the El1 and M2 above are
‘reduced‘matrix elements. |
The,relatiﬁe'normalisatiqn between the two sets of
amplitudes is  (=li 3%) . So we can calculate the

- longitudinal multipole

Cy = ij(kr) ¥,,(0 8) p(r) &r

where p(r) is the charge density
L
py(r) = V¥ a4 e V¥, .

Then we put it in CKO normélisation.

'~ Finally, the CKO amplitudes are



. 2 T 3 JE -kz/(;a2
Dy3e A = 130G a °
5 2 2,, 2
_ 2 m,% K _ 1, -k°/6a
Ayjp = 1305 w (a2 g e
. X 2 2
~ _ 2 pa @2 _-k"/6ag
A = -1 -—= () e
3/2 ' \/3 - 8 k
/T2 E /B K%/6a2
. _ T 2 - a
Sll" Ao = i 3 (3) o *— e
1
/o \E 2 24%,  -k%/64°
Al/2 = i —-3- (E) % (k= + ) ©
’ : 2 7 - ak® -k2/6a2
F1g* b = AR T
3
o on, ? 2k k3 -k2/6a2
WEREY ML BRI
= 2 2
R " -k~/6a
A = "') [Jk © .
3/2 3%

-d. Frame Dependence

Thornber's electroproduction calculations(S), although
reasbnable at.low q2, diverged rathér strongly from experi-

2 and were not a success for thne quark

ment for j-qz 7 1 GeV
model.. But Abdullah and Close(b) shoﬁed that this was because
she had calculated in the isobar frame, while the same célculaf
tions in the Breit frame would have given better results. For
a process eA—>eB in the Broit frame |Bal = |pg| eand

in the isobar frame By = 0. Of course one can work in any

frame one likes but these two are the most usual. Intuitively
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one would expect the Breit frame to be the most natural one
to use physically_becéuse momenta are shared out equa1ly bé-
tween the particles, not one at rest and one carrying all the
momenta. As this is a non-relativistic model, the slower the“
particles the better the approximation. Abdullah and Close(é)
and Gutbrod(zo) among, others have put forward more quantitative
reasons for preferring the Breit frame.

At low ‘q2 the frame dependénce will not be so great
but it is interesting to see the detailed behaviour. So let
us calculate the transverse and longitudinal crosé-section34

Oy o, for resonance electroproduction off brotons. Fron

{ .
Ravndal(gx)
2
= =83 9”412 " /on
- 813 @ 1, | 2 2 " /2n
o, = —— ,z(]A < + |a )
k T el el ST

where k¥' is k in the isobar frame

@ = = fine structure constant

L
137
U /on

5 5 is the Breit-Wigner factor for a
(W=1)= + M°/k

and

fesonance with ﬁidth F';‘ mass M calculated at energy W.
 Assuming that all these‘reéonanceé have the Breit-Wigner
form is rafher a crude approximation. It hopefully fits
the level of eapproximation of the rest of the model to
reglity and works in a way, but for a more detailed and
realistic model something better might be ﬁeeded. Apart

from distinct resonances there is also a background of less
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distinct resénances and non-resonant excitation which we do

not take into account. This adds a large error to all pre-
dictions and also adds to the uncertainty when analysing

data énd separating out the contributicns of several resonances.

Clegg(lz)

has discussed thisAand'estimated the background
cross—section to be aboﬁt the same size, or even largef, than
the totasl peak cross-sections. | |
Cross-sections were calculated for the D13(1520) at
W = 1520 MeV and also for the S;,(1535) at W = 1520 MeV.
These.are the two main resonances dominating the sécond
resbnance-region. Their sum should bear some relation to
the numbers measured experimentally although comparison is
difficult because the data is fdr2 o + EC, (taken from
Ref. 12) where € © =1 + 2(1 + ) tan®(36), with 6 the
electron scattering angle and v the virtual photon energy,
The results are shown in Figures 1, 2 and 3. There is a
defiﬁite but not very great framéhdependence as expected.
The sum Di3 +'Sll‘
,viding that € 1is small, which it is in this.kind of ex-

is compatible with the data points pro-

periment. The Sll pfediction is not in very good agree-
ment with the data. The cross-sections are of dourse sensi?
tive to the assumed fesonance mass through the Breit-Wigner
factor. For instance, if the mass of the Sll were taken
as 1520 instead of 1535AMeV, one would multiply-thé cross-
- gections by 0.87. There is at least this much uncertainty .
in the phase shift enalyses by which the resonances are
identified. |

It is also noticeable that o~ is much smaller than

£ _ _
oL in all cases. This is in agreement with most data
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analyses which seem to suggest that o}, never rises above

20%/0 of o, (22). However some interpretations of the
data would require large, even dominant o 8o the situa-

L
tion is not at all clear(23f2u).

e. The Ratio R = Al/Z/AB/Z

For the resonances Dl3' and 15 the helicity 1/2

amplitudes are zero or nearly zero experimental)v(ll)i This

is accounted for in the CKO model by fixing the value of tho
spring constant a so that the helicity amplitude of the
F15 is zero and then it is non-trivial that the helicity

amplitude of the D is very small. Howevervthis is a

13
contrived coincidence and as q2 departs from zero the Al/2

rapidly becomes domlnant as was noted by Close and Gilman(B)

- This should be seen as a marked change in the angular distri-

bution of the-pions'(emitted as the resonance decays) as ~q2

chenges from O to 0.6 GeV2. The data at that time(2°) gig

notshow any change at all out to fq2 = 0.5 G9V2, the exact
opposite of what was predicted(7 26) ‘ |
. Close and Gllman did their analysis in the isobar frame
so the first thing we looked for was the amount of frame
dependence since the.Breit frame.is probably more suitable
physically. |
2

For the (with a” = 0.17, g = 1)

D13

(2
R = = 1)
v3 -g



-.q —R

Isobar frame ' 0 0.17
0.6 1.70
- Breit frame | . 0. . .- 0.496
’ . ) 0.6 20L|-5

Thers is considerable framé dependence here with even greater
chaﬁge in the Breit frame.

As the Breit frame is the most physical, let us calculate
more points in it even though the slope is greater and more
unsatisfactory,than before. This is drawn in Figure L.

For. the FlS

| L
R ='_[ﬁ<z-’fg) .

It is plotted in the Breit frame in Figure 5. We see that

the slope is slightly less steep than for the D R 1is

13°
not zero at photoproduction because the cencellation was
.fixed in the isobar framé.hnd.these calcﬁlations are in the .
Breit frame. There is iittle_enough deta for the Dy ratio
but even less for the‘ FlS so we will not consider the FlS
ratio any further. »

The faifly stéep slopes of both rétios ére due to the
Gaussian_wavefunctioné.. Other'poﬁentials would not have quite
sﬁch e steep.change.‘ A peculiarity of the oséillator dynamics

| leads to

' R = ~k2 - constant
constant

while the genéral form is

k? - constant

R = > A
’ kI~ - constant
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The extra k2 dependence in the denominator will slow dbwn

(27,9)

" the rate of change of R Maybe a different poten-

tial will be the most effective solution of the difficulty.
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CHAPTER 2

THE COULOMB-LIKE POTENTIAL

We would like a potential with a more realistic form

factor. The Coulomb-like %- potential gives the electro-

magnetic form factor (1 + q2/b2)-2, the Fourier transform

of e—br. Fitting to the experimental dipole form factor

for elastic proton proton scattering gives b2

= 0.71.
One objection may be that the higher excited states

rapidly get closer together and approach a_limit, after

which there are only unbound states. But as Chu and

(28)

Hendry pointed out, the ground and.first exdited levels
fit well. They suggested the possibility of a Coulomb

force to explain the break in the slope of the proton pfoton
elésticascattering cross-section at very forward angles at

the ISR.

0.1 -a°(Gev/c)?

If it is assumed that the smaller slope is that due to
diffractién, then the increase at small q2 would come from
é long range component of the strong interaction which could
be a Coulomb force betwéen~the quafks.

.

‘This suggestion was not received with much enthusjiasm
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because Thornber(e) did some work on the Coulomb potential,
using the multipole formalism as for the harmonic oscillator,
but found that the cross-sections were too small by about an
order of magnitude. However, as before, she had worked in

the isobar frame and it was worth re-investigatiﬁg the cross-
sections to see the effect-of freme dependence which hopefully

could be stronger than in the oscillator case., So let us set

up wavefunctions and repeat the calculations of Chapter 1.

a,. The Wavefunctions

Vi{r) = %? and &, = é%
CV@ = Jnem> = R,(e) Y (08) .

The radial wavefunctions . Rne(r) ‘are well known and

tabulated in.elementary quantum mechanics text hooks.

132, Tv/e,

Lo3/2 e [T/,

R = —_— e
21 28.0 \/3' ao
, . -1ir
_ 1 ZL/_E r 2 3 8, )
R = ‘ (=) e
2 0 Ga?? 23 %

They only need to be multiplied by spherical harmonics
to gi%e the one particle wavefunctions. Then the required

three particle wavefunctions are



DY =% R
(lS)3 ground state, symmetric L =0

_ 1 8 a
S e oz e om, Lty vy

(15)%(2p) L =1"

v IE' 3 117 e Yy (43) exp a [2(1‘ ) o+ f‘]

the even mixed symmetric representation being taken.

(lS)Z(Bd); L = 2+, symuetric

~ 2,3/2 1 2 -1 |
y o= E—\’/'L%‘ (= T 1372 Tk Yo () exp 38, (3ry+3r ,+ 1y
o |

where the states are denoted by spectroscopic noﬁation. The
i,j,k refer to the three quarks and we must sum over all

permutations.

Total wavefunctions are productu of these with the SU(6)

.

.wavefunctions in the Appenaix.

It has not been possible to factor out fhe centre of
mass behaviour as wés done fér-thé harmonic oscillator. That
is a very complex problem but in view of later results it must
be said that this component would be expected to make the
amplitudes larger than they should be(s). This expectation
is based on comparison with the harmonic oscillator where the
centre ofAmass motion is accounted for. One cannot say exsctly

what would happen because of the algebraic complexity involved.



b. The Amplitudes

These are obtained, as in Chapter 1, by CKO's method
and then Thornbert!s method as a check.

The results are

. 8 L4,3 ns % K
D A = 12 (33 e (&3
13 o 739 k "“Ezl
| 2 2
Ay 0= = SA(“)% b (8%ok - 4
127 3Fa, BL 'K L2 37z g
| 1
L LR
81/3 gaq Zq
.. e 8 L3 ni %K
S, A = = =~ (&) o6 ()R ——s
11 c B /5 97 k 213
' Le 2.2
P i R LI R S ak: D
3/2 % 2, 3z g
128 a %% | |
F... A= =i &2 F (a3l 2L
157 "o 135 /27 % R
| 2.2
. 2m, 3 w3 k 9 % K2
R i B B S
- - 2
| : - haozkz
where Zl = 1 + 5
] | 9a02k2
Z, = 1+ —5



and F is the fraction of the (18)2(3d) wavefunction
which would be present after centre of mass elimination.
For the harmonic oscillator F = '% .

As before there is ane free parameter &, which will

be fixed by demanding zero or very small helicity '% ampli-

tudes for the D13 and F15 resonances.
Fi5_2 Taking g = 1 and k° = 0.3L Gev2
- 2 _ )
Al/2 = 0 1leads to 8~ = 5.2l GeV :
or a_ = " 0.46 fm.
D,.: A = 0 leads to a ° ; 2.0 Gev.-‘2
13° 1/2 o *v R
or -a = 0.286 fm,

G

There is rather a largé difference between thse two
.values of 'ao.'_One could perhaps take the average as a
compromise: ’302 = 3;6h'Ger2.  B

Because the'Cou;omb potential leads to the correcé
électromagnetic‘form factors we have as an independent
check, the value of &, required to fit the elastic form fac-
tof-from expérimehﬁ: a°2 = 5.65 cev 2, |

‘We now have a choice of values. The cgncellatiohs~in
the helicity % amplitude for the D , and ‘Fl.s are
measured through the backward or forward differential
cross-section. How sensitive is it to changeg in.‘ao ?

From cxo ()

dn 3 It [ [ 1/21

O=n
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where J = ©resonance spin, .a:= elasticity and m, M are
the masses of the proton and resonance respectively.

-For the Dl3'

T = -% ,  X= o.5, ['= 0.115 gev

2

for photoproduction k= = 0.22 GeV, so substituting three
values of a02 gives
! 2 GGV-Z So pb srfl X 10-2
o dn
average 3.6L 2.3k
Fl5 canc. Sf2h | 3.38
El. scatt. 5.65  3.43

Walker's analysis gives 8 x 10-? up sr-l experimental-
ly and the harmonic oscillator node1 (1) gives 5 x 10 2 ub‘sr-l
SO thes; results.- are a little small but they are fairly con=
stant and do not place any restriction on the value used.

However calculating the backward differential cross-

section for the F15 gives us

2 =2 dc‘/ -1
a GeV. - pb sr
o) ' dn Q’“
average . 3.64 .0.035
El. scatt. 5.65 . 0.0011

These are upper limits taken with F = l. F will be

dc

somewhere bhetween Q and 1 so i will be some fraction



of the numbers just given (e.g.~§- for the harmonic oscillator)
but we have the order of magnitude. For the elastic scatter-
ing value this is acceptable, the average valuelgives a rather
large differential cross-section, larger than that for the D13
and even when reduced by some fraction will probably be toé
large to agree with experiment. The analysis of Mcorhouse
and Oberlack(Bo) gives 1.1 x 10-2 pb  as the experimental
backward differential cross-section.. )

We wili use the average value of 8, for tﬁe ratio be-
haviour just to see what the magnitudes are but we need not'
take the numerical values very seriously. The Fl5 cdngella-

tion and elastic scattering values of a, are both consistent

with the cancellations of the FlS and D13 resonances.

C, The Ratio of Transverse Amplitudes

For the Coulomb potential with g = 1, for the D13
2, 2
.. B8a “k
R = ._-_]; . O -)i - l) .
V3 2,2) '
: 3(1 + 5 a, k'
Frame'udependencel
-q° f‘R(aOZ = 5.2 GeV ?)
Isobar 0 0.59
0.6 1.54
: 0 ' 0.89
Breit

0.6 . 1.76

. The change is less in the Breit frame, unlike the harmonic‘
bscillator.potential although the absolute value in thé_

Breit frame is still greater.
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Wé now calculate the variation of R with q2 in the
Breit frame, using both the average and the F15 cancellation
valuss of aje These are plotted in Fig. 6 and are certainly
less steep than the oscillator's ratio in Fig. L. So a modi-
fication of the potential can solve this contradiction without
losing one of the oscillator's major successes, the D13 and
F'l5 cancellations. A more sophisticated potential may do

things still better.

d. Cross=-sections

Let us in_thié section use a02 = 5.65, the elastic
scattering value, as it may be a more sigﬁificant number,
coﬁing from exéeriment rather than from the model.

, We calculate 6} and c% just as in Chapter 1, for
the isobar and Breit frames and for the Dy and Sy |
resonances, | | |

We présent the Breit frame fesults oniy. There is frame
' depehdence and the isobar }raﬁe'numbers are sllghtly larger
.but the quglitative picture isc unchanged

| Tﬁe results are presented in Figures 7, 8, 9.

- It is very disappointing to see.that the cross-sections
are so small in absolute magnitude as to make the Coulomb
potential quite untenable. The reason is that for higher
rcsonances.the,exponential does not damp as strongly as the
ground stats and to normalise the wavefuncfions one must
| divide by higher numbers the more excited the state, and so

the less they will agree with experiment.

However, this was not quite a waste of time. The cross-

' section shapes are reaqonabXp and the ratio change is moderats

*Ov
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and these things depend on the form factor. Since the Coulomb
potential form factor has the correct q2 dependence, the
general shape of the cross=-sections and the moderate change
~in the ratio could be expected to hold even if the potential
(or other mechanism) which gives rise to this dependenée is

(1L)

changed. For instanpe, Lipes has a relativistic harmonic
oscillator model in which the form factors have correct asymp-
‘totic behaviour because of the effect of the Lorentz transfor-
mation on the spins of the three quarks. He does it in a very
ad hoc way but we can see thét Coulomb potential results may
'still'bejrelevant as an indication of thé behaviour of a more

_ c&mplete'ﬁodel. . o

Let us now return to the harmonic oscillator.
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CHAPTER 3

HIGHER ORDER TERMS

The eléctromagnetic interaction used by CKO and Thornber
is the lowest order non-relativisﬁic interaction. This can
be derived rlgorously from the relativistic current by apply-
ing the Foldy-Wouthuysen (FW) transformation to it(29)

The Dirac Hamiltonian is H = fm + a.(p - eA)  and the
FW transformation removes odd operators O (for which

BO = =-0B) order by order to any order in m. It is a unitary

transformation exp is

with Sﬁ+l = -'%'1% (Odd operators in H, of
o ' , lowest order in l/m) .

- In th13~way it is found that the next order term in the series

i:is spin orbit coupling.

' ; - : -ik.r 1 . 1 - - '
HSO -. 46 VK o [qe »" Eﬁ;(a g) [Sz(px+ipy) Sfp;}] .
Apart from the desire to 1mprove the level of approximation,
there is experimental evidence that this model needs spin-orbit
coupllng. CKO dlscovered a selection rule that the FlB ,could

2
This rule is violated by the spin orbit term and experimentally

not be photoproduced from a neutron in an helicity 2 state.

a value of this Amplitude, compatible with ﬁhevspin'orbit term‘
in magnitude and sign, seems'to haveAbeen found in partial wave
_analysis(Bo). | |

- Note that it is an assumption to use the curfen£ acting on
one quark for theléntire interaction. Brodsky and Primack(1933l)

and cvhe s heave demonstrated the need for non-24ditive terns

involving all the quarks to-satisfy cervain sum rules like the
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DfellfHearn-Gerasimov sum rule. We will not worry about such
tefms-here,'they are very small. But in_relativistié models
they become important'aﬁd later we will discuss a model which
is explicitly non-additive, | |

a. D Matrix Elements

13

Spatial matrix elements are

s ' 2,2
= -i.IE°£ = ..2.. '12" -k~ /6a
o 2 _2,2
' -ik.r a k ~k=/6a .
R =<D lp 6-—-—{p> = "i-—:(l“"———) e
1z " N3 Pa S - »
These contribute to the helicity amplitudes as
S 1 2 z
0 . 1 - 2 < .
L7 = (3 Byg
0 -
Ayja = Byp -
. The extra terms in Al/2 affect the cancellation.
| L 2 2,2
SO _ 1,0, 1, 1 H L kK5 _ 1, -k%/6a .
: q 2a :
But édding this to the previous Al/2 we find that for
: 2 o o -
- K _ o | -
A1/2'- 0 ;2 = 1 a8 before. The spin orbit interaction hasn

 éffé¢t here but this may juét be a fluke and we must also
check the FlE matrix elements to see_if mﬁtual.canceilation

is still possible.



b, F 5 'Matrix Elements

1

Here
S0 JTE b o 1, /3 k3. ~k2/60°
a . 6/5 2a

Setting g = 1, the new condition for cancellation is
_ . ) - '

‘ k o
(12 - -2—(2 + 2mQ)
_ k
@ - Fmy)
PR - )2 |
a- = é——ié—-— was the condition previously and is com=
T | ,
patible with the D,, condition. @ = (kg ) where
- > ek |
k° resonance name is the value of k for that resonance at
'photoproduction. As the D13 condition has remained the

same, clearly for mutual cancellation the F15 - condition

must also remain the same approximately. So

2 + k/2m - :
— g, the rest of the fraction, should be approximately
2 - k/m_ : : :

l. It will approach one, clearly, as mq gets larger and
lérger compared to k; = 0.59. So we really want a heavy .
quark here. For consistency, with g = 1, mq = %MN but

this very light quark mass has always been a mystery for this
:type of model. A heavy quark ﬁould fit in better with the

~ fact that quarks have not been discovered, but’ mq ﬁould have
to vary independently of g and p."Choosing g =1 and

n = ko we have mq fixed by numerical consistency and it

15 not at all reasonable to try toAchange mq. However, the
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inconsistency is rather forced on us and some people(lo)
claim that a light quark mass is less bearable than numerical'.
inconsistency. | _ ,
If we have g # 1 then both the D13 and 'F15 canoella?'

tions change and the only way to make them compatible is to
have a large mq so that the k/mq terms are negligible
whatever the q value we choose. Varying g as weil as
mq starts getting very complicated; thers are too many
free parameters and the model loses its predictive power
and simﬁlicity. _ | |

- Would it not be possibie to leave the parameters aé théy |

are? With ,a2 = 0,17 and 'mq = 0.33 GeV one finds for photo-

L]

production of the FlS'

do- o
ol = 0,87u pb.
dj? O6=n .

Moorhouse and Oberlack's analysis(Bo)‘and that of Metcalf

2

and Walker(32) yields 1.1 x 10~ pb as the experimental

value. So obviously the heavy mq is necessary here.

C. The Ratio R for the Dl3

Including the spin orbit terms
k3 + hm K2 - (k + Lm )a®
R = - 4 .
= - 2
(V3 k+ L3 mla

From the D13

Previously we took a

céncellation_ o® = (kgA ?' = 0.22.
13

2 2 0.17 to f£it the F,g cancellation.

For a heavy enough quark this would still hold, ctherwise a2
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could be a little bigger and still give zero FlS and small

helicity P amplitudes with a less heavy quark. $So to

13 2
be arbitrary we use two values of a2, "0.17 and 0.25 and

D

plot R against q2 in Figures lb and 11.

The ae = 0.17 graph with spin orbit coupling turns out
to be exactly the same as without. So we checked by plotting
R for a2 = 0.25 without spin orbit coupling (Fig. 12). This
graph is again the same as with spin orbit cbupling. |

The obvious conclusion is that R 1is sensitive to «a
but not to the spin orbit coupling. The effect of the spin
»orbit coupling is only to change the value of a "required
for cancellation. It could then be left Qut as far as R
1s concerned. |

| So the important parameter is 'ag Without spin orbit
coupling we ﬁlot R at two values of q2 versus a range of

a2 (Fig. 13). It is seen that the magnitude of R and the

amount that R changes toth decrease with iﬁcreasing v a2.
'This variation in a2 is quite fair because as R is inde-
-pendent of spin orbit coupling there is a whole range of possible
,a2 values leading to the FlS cancellation even though in
one modél there is only one specific value. ‘ |
It can also be noted that.as Clegg recently pointed

out(lz) the photoproduction values of k for the D13 and
-FlS',used to fix the cancellation are from the isobar frame
and it might be more consistent to take them from the Breit
frame since that is the frame we used for electroproduction;
The values of k are slightly larger and we would have

2

-a” = 0.24 instead of 0.17. The cross-section values will

change but probaebly only slightly = we have seen how little
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effect frame dependence has on cross-sections. From Fig. 13
we can see that R will be smaller and decreasing less, almost
as flat as for the Coulomb potential. When CKO used the
isobar frame Values(u) they said that these values of k
2

were taken from experiment. However even at q~ = 0 the

different frames give different k.

. 2 _ (2 -md)°
isobar . k = =
. Ll-I‘l
e 2,2
Vi o
Breit I k2 = (2 5 m2)
2(M +m")
where M = resonance mass, m = proton mass.

So this is another factor to be taken into account when
trying to get the best fit to all the data. One can vary a
by fixing it in different frames or by using the spin orbit

interaction (or toth).

d. ‘Summarz
We have investigated several versions of the quark model
mainly with en eye on the behaviour of R, ‘The preliminary

(25)

data on =u° production seemed to show no change at all

but later data on ﬁ+ préduction(33) is compatible with a

change in R alfhough probably not as great as the harmonic

Qscillator gives but perhaps iike that of the Coulomb potential.
This infofmation is inferred from the angular distributions

Qf the pions into which the resonance decays in the process

N — NN, For the‘D13 the distribution should go from

being nearly 8in®e at q2 =0 where R = 0 to isotropic
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when R =1 to approximately 1 + 3 cos28 when Rfl = 0,

So the change should be very distinct.
A semple of the data for n° production at W = 1.481

(26) 5 shown on Fig. 1k. We see that there is little or no

GeV
variation from photoproduction. In Fig. 15 we show data from
the same experiment but for xt production at q2 = - 0.45

2

GeV where there is a great deal of structure different from

(33)

~ photoproduction This structure has been interpreted as
interference vetween resonances and background in a dispersion
"relation model by Devenish and Lyth(Bu). The two curves are
their predictions. The dotted line 1is under the assumption'
that the ratios Al/2/A3/2 retein ﬁhelr photoproduction

values throughout the region. 0,03 for the D and O' for

13
_the Fc. The solid line is for large R'si 3 for the Dy
and 0.3 for the 'FIS’ The solid line is in:much bstter agree-
ment with the deatsa, implying substénfial heliicity 1/2 ampli-
tudes for both the D;; and the Fg. The n° data which
did not seem to allow noticeable hellcity 1/2 eicitatiéns
.ca1 be manipglated to agree with the n+ data. At the
moment the situation is wvery uncertain because the data can
~ be manipulated to fit a wide range of predictions.

The main thing is that some éhange does take place and
it is possible to it this change using the standard harmonic
osniliator nodel and changing a or changing the potential or
modifying the Gaussian form factors by the Lorentz transfor-
-mation as in Lipes.

So the quark model is by no means dead yet and we can go

on to discuss other aspects of it.
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- ' CHAPTER I

EXTENSIONS OF THE MODEL

a. SU(6) Breaking

SU(6) is an exact symmetry of the non-felativistic quarkA
mbdel discussed in previous chapters, It is not an exact
symmetry of nature since it makes predictions which are not
fulfilled. Some predictions are good: the ratio of proton
and neutron magnetic moments is predicted to be =3/2 which
agrees with obéervation‘to within about 2°/o. In addition,
the SU(6) resonance classifiéation is very succeséful. But
the rafio of ﬁhe axial and vector form factors in neutron
beta decay is given bj SU(6) sas gA/gv = = 5/3, while in
reality it is around 250/0 smaller. Also since SU(2) spin
is a subgroup of.SU(6), épin and orbital angular momentum are
separateiy‘éonserved in any interaction invariant under SU(6).-
This leads to such pfedicﬁions as forbidding the decays of the

D and FlS' resonances to =N in the helicity 3/2 state.

13 _
These results seem to indicate a broken SU(6) sym?etry. Note
that this symme try breaking'has.nothing to‘do'ﬁith iack of
mass degéneracy in multiplets. Mass splitting interactions
" break the resonance classification synmetry but even if it
weré exact, the symmetry of current algehra deéiing with
interactions would be distinctly'different.

Current algebra is successful where SU(6) symmetry fails.
gA/gV is given'correctly by the Adler-Weisberger sum-rule.
~ This indicates'that the symmetry is broken because the physical

nucleon states are not members of representations of the group



generated by the charges of current'al ebra._

This préblem exists for non—relat1v1stlc quark models but
it is dealt with in the relativistic case_where;it is more
acute. AOne can then inciude the further difficulty that
SU(6) is a static group and must therefore be modified to

include the spin Lorentz transformation properties which will A

be induced during reactions.

b. Relativistic Quark Models

We have already mentioned one problem. Ths spins of the
gpectator quarks are affected by being included in the centre
of mass accelération during a collision. They are Wigner
rotated. In Lipes'é model(lu) this was used in an ad hoc way
to get the good behaviour of the électromagneti§ form factors
~despite his use of Gaussian wavefunctions.

Another problem of relativistic quark models is unltarlty.

HaVing four dimensional,exgitations instead of three leads to
states of imgginary mass which can only be eradicated by
_banniﬁg time-like excitations. This destfoys-uniﬁarity because
all excitations are needed to form a complete set of states.
So they must be compensated for in an ad hoc fashion. Lorentz
" covariance is alsd lost as one space-time direction is singled
out to be banned. ‘Nearly all relativistic quark models seem
to suffer from this as they are constructed covariantly. If
one starts with a honfcovariant model such as that 6f.Le}.
Yaouanc et al.(3®) the problem need not arise.

The underlying unifary symmetry of relativistic models is

not SH(6) as this is a static group., As soon as the quarks are
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distorted by Wigner rotations iﬁ the ﬁlane perpendicuiar to
- the motion. 'The group proposea by Lipkin and Meshkov(Bb)
and commonly used instead of SU(6) is‘SU(6)w. SU(6) has as
a subgroup the spin group SU(2) but by using other repre-
sentations of SU(2) one can construct different representa-
tions of SU(6). This is analogous to the use of U spin
and V spin subgroups of Su(3). SU({))w has an SU(2) sub-
group generated by the operators of ‘w spin as shown in
the table. They satisfy SU(2) commutation rules and re-

present a conserved spin similar to ordinary spin. . -

Spin Wspin W spin

all particles - quarks o anti-quarks
_ , ' > _ ¢

S = %ci L  :,.'W£.= B 7% *5755

s. = ic W= g'f&. -B hed

J Y A 2 . 2

- 1 ‘ o; vG-z

S, = =0, W, = = 2

W spin operators commute with generators of Lorentz boosts
in the =z direction so that this is a relativistic replace-
ment for SU(6) only for collinear processes in the z

direction, which two body resonance formation is.

c. Possible Solutions

We see that the relativistic quark.model is & non-trivial
extension of the. non-relativistic case. It is linked with
SU(6) breaking through the spin Wigner rotations, adding that



problem to the specifically relativistic ones.

Two possible solutions are to have separate vertex and
clagsification symmetries or to have one classification sym-
metry and break it dynamically. |

The nexf two chapters describe first steps in-fhese
directions and in the conclusion a possible unification is

mentioned.
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CHAPTER &

CURRENT AND CONSTITUENT QUARKS

a. SU(6)., and its Two Representations

As we saw in the last ehapter, one method of eimultaneous-
ly constructing a relativistic quark model and dealing‘with
SU(6) breaking is to have separate vertex and classification .
symmetries., They will be distinct representetions of SU(6)w.

Clessification SU(6)w will have ‘as subgroup the STU(3)
representation used to arrange hadrons in multiplets. its
asgociated quarks are called constituent quarks.e Vertex'_“
symmetry involves the SU(3) of current slgebra which; as re-
marked in Chapter h;_is successful where elassification sym-
metry fails. So tne two representations are distinet and
the quarks of the vertex symmetry are called current quarks.

(15)

The conzept of two representatlons was introduced by Melosh

(37)

and discussed at great length in the reviews by Weyers

'Gllman(38)

SU(())‘"r strong is the group introduced by Lipkin and

' Meshkov(36). It is the algebra of classification SU(6)W.'
The strong interaction Hamiltonian .Hst approxinately com=-
mutes with 35 opérators Wé (i = O.f.8 except for w§=o
which is left out, and a =0, x, y, 2). |

P

A

-1

J .

A
i 3 + i

Wy ~ j d°x ¢'p o & q

| N

2
Ei

2
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_where ~ means "transforms as",.

. The classification for baryons under W spin is the

. 1, W, =0

._‘s=1,vsZ 0> —-:—> ,.V-[w=o, W, o.> .

same as for spin. For mesons the only differences are
|s=0, s, =0>—> -[w

I
Il

»Thié symnetry is‘oﬁly approximate, as is seen from the
fact that the hadron mass spgctrum bedly breaks it. §Hiélw
 eurrents is an extension of the chiral SU(3) x SU(3) algebra
of vector and axial cﬁarges from current algebra(sg), " The
charges 'Fi ~and Fis and associated currents have the 8818
cémmutatidn'relations,'charge cdnjugationAand pa#ity as the
wi. These are wéll defined operators with known Lqrentz
transfbrmation properties and their algebraic relaﬁions could
V_be exact even if ﬁhe symmetry of the particle mass spectrum
is broken. Calculations are usually done in the infinite
momentum frame where one'nbed»only consider "good" operators
'ﬁhbse matrix elements do not vanish between finite mass sfates

with infinite pz(15) . All the Flts are good.

Egyticle classification

The SU(6)w classification scheme assigns a vaiue of W
8pin to.each particle from which'ordinafy spin is obtained.
But the relevant quantity for a.pérticle is its totai angular
'momentum, not the spin 6f its quarks. So ah additionel quan=
tum number to those given by the_‘SU(é)w-'multiplet is needed

to compkate the classification. We take orbital angular
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act like quark spin operators

momentum L. %wg and %F:

for constituent and current quarks, respectively. The total
angular momentum component J, is the same for both classi-

fications, 80

L 1.0
LZ(W) = JZ _ sz
- - 1p©
LZ(F) - Iy =F, .
The particles are classified(BB)_as

[ o, > 2]

where A and B ‘are the two SU(3) representations corres=-
ponding to right and left handed helicit& currents. = The
"ordinary" SU(3) '.répresentation is A ® B.

‘One. can see that thé'two algebras are hot'identical.
Suppose the physical nucleon were 5 I (6,3)% 9;>. in
SU(6)W~ currents. Different states decaying to N _will be
described by matrix elements‘of_ Q and QS’ Athg véctor-énd
axial charges. But. Q@ and Q5 are generators and only con=-
nect states within a répresentation; So only ¥ -3 N ord
: wouldAbe allowed. From this apd other arguments it is clear
that all hadrons must be coﬁplicated mixtﬁrés,of many irre-

- ducible representations under cﬁrrents.. They are_irreducibie
répresentafions under constituents.by definition.

‘But W' = P is a statement of CVC and the two
algébras are very similar, so Melosh suggested(lS’ 37) that
there exists a unitary franqurmation V between them. The
tfanSformation need not be unitary, that is an assumption

because the SU(6) algebra does not include a complete set
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of Quantum numbers, V must possess certain general pro-

pertiesﬂ ! ‘ |

1. V is an SU(3) singlet so that W- = FT. |

2. V has parity and charge conjugation +1 and [V,Jz]

3. '[V, duFtSJ = 0 Dbetween states with nearly the same
momenta because PCAC says that the FY> in the 35
of currents and the = in the 35 of constituents

- are-equal. | |
_h. V contains only good operators 80 that in the infinite

momentum limit good operstors only transform to good and

bad to bad.

VUs*ng these properties Melosh(lg) constructed an expllcit
form of V in the free quark model and 1nvest1gated its
algebraic properties., Abstracting the algebraic properties
and'saying.that these hold in the ‘real world as well as'in
the quark model, -enables connections to be made betwsen nany.
differentvtypes of decays._‘ These have been mostly in good
agreement with experiment,, for instance Refs. 4O, L1.

~ As we saw above, the hadronic states'which take part in
'interactions are compllcated ccmblnatlons of many 1rreduclble.
- representauions of the constituent quarks. That same ‘hedron
in a classiflcatlon scheme oon31sts of just three quarks°
Letting V act on the interact ng hadron will transform it
to'an effective three-quark state where the threeeeffective
or current quarks form‘en.irreducibie repfesentation (IR) of
SU(6)w currents, These three are, 1n field theoretic terms,
dressed quarks while the constituent representatlon 1nvolves

.the same three quarks. bare.



-Ll'3-

,IR constitﬁents> = lhadron>_ = V lIR curfents)

<[R' constituents' op IIR constituents)

<IRt currents 'VV-]‘ opV [ IR cur.rents> .

We know the | IR currents> s they are the states
[(A,B)s L ] already mentioned. So, knowing the trans-
z
formation, v ‘allows one to use both simple operators and

simple states in matrix elements.

'b. Algebraic Structure of the Electromagnetic Current

(16)

Following Melésh, Hey and Weyers investigated the
photoproductio_n matrix element. ‘4Under SII(é)w currents,
in the free ‘quark model, | there are four' components. The
operator is the.fir'st moment of the vector current, a

dipole operator
p, = [a¥ ZEEI v (z, t)
vz o 7
and when transformed, is assumed in general to have the free

" quark model properties.

vip, v ~ a[35, w=o0, w =0,AL =%1]

+B[35, w=1, W =’F1,ALZ¥ o]

4

+c[35, w=1, w,=0, A1, =*1]

3
Il
S
n

1
.
=

!

*D [_3_5_, '- W ;1’ ALz'
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where A, B, C, D &are some coefficients.

In the simple CKO model of Chapters lfand 2, C=D=0.
C is non-zero when spin orbit coupling is included but D
is still zero.

We would like to show tﬁat the FW and Melosh approaches
are mutually consistent. fhe Melosh approach suggests a
term D which is apparently not present in the FW.  decom-
positioﬁ>of the current even with spin orbit coupling. How-
ever, since the FW transformation in the presence of an
electromagnetic field is not exact, but is carried out order
by order in a 1/m power series expénsion, there is always
the possibility that the term we require may be found at a
higher order, If the D term wers definiﬁély‘not present
at all, or if terms not predicted by Melosh's algebra were
- found, then this would suggest that either the algebra or
te transformation did not fit. So let us investigate the
FW transformation more carefully to see if a AL, =2 term
is'present anywhere and also if 1t generates any more téfms

‘gt higher orders not predicted by the algebra.

. iS
The FW transformation of order n is e n where
- “ip odd operstors in H_ of lowest order
Sn+l Zm X ( in 1/m ‘ n ) d

The transformation acts on the Hamiltonian Ho .and removes
odd operators from it to order n. 044 operators O are such
that OB = -~ PO where f = Yo 'is a Dirac matrix. 044
operafors mix large and small components in the Dirac equation.
The Hemiltonian should be left with just even operators to
_ the desired order. Even operators -e do not mix the large

- and small components of the Dirac equation and fe¢ = €.
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The FW transformation is a non-relativistic reduction
because, if the Dirac equation can bé separated into a large
component and a small component equation, then the small
component equation can be neglected and we are left with

the non-relativistic two component Pauli equation.

il

‘Hh"_‘l + 1 [Sn’ Hn"-,l] o [Sn’ [ Sn’ n-l]]

+ e = én - [sn, én'] + %[sn, [ S, » an] + aee

We start with the Dirac Hamiltornian including an electro-

magnetic field.

H = Bm + '_g_.(p_"-eé) = Bm+0

L

= Tip
S, = 3O

Let us calculate keeping terms to order"l/m5 in kinetic

l/mu in kinetic energy x field energy. This is

’energy and
two orderé of magnitude gréater then the transformation which
led to the sp‘ih orbit terms, but two extra orders are needed
to eliminate -odd operators of the intermediate one.

Calculating the various coﬁmuﬁators for Ho’ Sl’ S1 gives

2 I 6 3 5 .
H, = B(m A o -0 0 ) - 2 4+ 0 -+ i 0
1 m - gnd  1dm? 3m° Joml 2

. i ° iE 2° ' i i 3 2.
-5 0, O - (00 - 00 0) + —-——E (00 - 00 ©
" 8m [ ] _ l;8m3 . ) 384m )
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lm
Calculating commutators for Hl and 82 leads to Hé
and the process is repeated as often as required. In this

case, as we are working to fifth order, we need H5 before

all terms are even.

' 2 . L 6 . .
0 0 0 L i
Hy = Blm+52 = —5 + ——) = 0, 0]
5 " am gy 1w’ 8n° [

- B_ o2 - (030 - 020 0) -~ 0 o3
_ - ).12m[ _7

8m°> 38Lm
i [ ] L ]
- —-——E 0, O
32m [
with 0 = ga.(p - eA)"
- 2
and _Q_% = _(_.Ii___eé.)._ - ._e... o B
2nm 2m 2m = ° = °

The terms up to third order are well known. All we ars
interested in here is flndlng a AL = 2 term. The lowest

order such term is

N p ot
8>
Ol‘L = [(B - e_A_)2 - e _9_'.@]2 which includes pz(g.g)
2 _ _2 + .2 = + .
P = Py, + (py ,,1py) + 1 2py(px - 1 py) .
(o.B) contains o o T1KZ o oT.eikz

so that OF can yield p,° 6= or p° o, which would be the

fourth term, one order of megnitude smaller than the spin

orbit terms and therelfore neglizible btoth Theoretically and
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experimentally so far. But the term is there in principle

as required by the algebra.

2 Ly
(p = eA) o (p = eA) 02p2
H = m + - = g.B - -
5 g [ 2m am == 8m> 8m-
+ o (] -eA)zch+(B-e§') - 28 (B'SA)uUB
hm3 EToa 2= 1(>m5 16m5 T TE
2 3.2
3e 2 .2 e”B
+ (p - eA)” B~ - —% g.B
16m 2= 16m

+ (-1e AivE + e gicurl E - 2ie J.Exp) x

x (25 + =2 ((p - ea)® - e o)) - L5 %% .

© 8m 384m 8m3

One might ask whei_:her' more terms might tburn up' at still higher
orders. The answer is clearly no. In order to have 1AL, >3
it would have to be matched by [Ac,| > 2 in order that
AJZ = 1. But spin can only be changed from +3 to -3}

and vice versa, no further. Matheniatically 612 = 1 and

as this means that 6n9 does not have Ad‘z greater than 1,
one cannot have ALZI greatAer than 2.

So now we see that the FW transformation does match
the algebra. It. gives the cori'ject number of independent

terms in the current. no more and no less.

C. The Melosh transformation

Now that we have explored the algebra let us explore the
specific transformation, |
The transformation given by Melosh for the free quark

model is _ v = eiy
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. ﬁ-“&
where Y = %de3x q" arctan( ) a
where the symbol " J." means the two-vector in the plane

perpendicular to the motion, in this case the x and ¥y
directions. For the rest of this work we can leave out
the q _and’ q+ integrated over all space, which are
necessary in a general field theory but not for us
because!we are in s one.duark~subspace'of the totsl
Hilbert space.
Expressions such a&s arctan are defined by their
infinite power series expansions.
| x3‘ xS

arctan x = X = —/— + = ceseo o
g_

3

Using this definition of arctan one can rewrite Y as

‘ Yy S - 9. fL; o
Y = —~——+— . g arctan(—) = ———— 6
. - oy .9
and oY = cos e + i— sin 6 .

16!

We are now in the-relativistic region and the metric
is such that e, bu = a;)'bo - a.b . We will be very
careful in signifying the scalar product of 3 vectors
~ with &'dot, and no dot when the quantities are scalars
or just the magnitudes of vectors.

With this V, Meloshvshowéd that the free Dirac
Hamiltonian |
H = =-ia.d + nf

transforms to

_ . 2 2.3
Hw = V "HV = ~ia, dz + P(m~ + (yl.qL) )c .
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The 2z component is not affected. In the x and .y
directiéns V is just an FW transformation. Looking

at the definition of ‘V we'see,that ?f 3;' = 0 then
V=1, So it is the transverse mbménta of the quarks
which breaks the identity of the current and constituent
algebras., V transforms away the tranverse momenta in
the current states in such a way that when the fesulting
state of SU(())w strong is boosfed in the =z directiqn,
the spin Wigner rotation is countoeracted and fhe classi-
ficatiohlalgebra,is indepéndent‘of boosts in the K: S e
' direction. This is ﬁurely a matter of kinematibs (fhe
spin rotation being a conseqﬁence_of the momentum
change). ”

The FW transformation also transformsvmomenta to
enable one to booSt from a relativistic to a non- o
reiativistic.systém 80 thgt the identification of V
with the transverse FW transfofmation could have been
Aexpécted. . |

- However, if the quarks aré.interacting, which they'
will be, the FW. transformation alters and the identity
between.MelOSh and FW ié broken. Since the tﬁo
transformations wefe of the same form in the free case
and have the samé function of affecfing momenta and
spins; V now needs to be altered for consistency to
become the appropriate interaction FW transformation
in its transverse components. Such a transformation
would need to be constructed.by a power series approach
similar to that used for the FW transformétion~in the

presence of interactions.
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From the general properties of V cited in
Section‘ a), it is not possible to construct an
interaction V beyond first order in l/m without
violating one of these rules, but Melosh suggested a
prescription to first order., He found that to first
order all models give £he same structure

= i 3 + '
vmodel - 1 * Sn Jad xq (x)(yy .9 )a(x) + ...

where o, is an ofdinary derivative for scalar and
pseudoscalar gluon models but the gauge-invariant
derivative V. = ¢, - ig By = for vector gluons
with Bu(x-) the gluon field operator.

We see that V is just V to first

model free

order from expanding the erctan in the definition of

\ So as to satisfy the conétraints on the general .

free’
’properties of V exactly, Melosh then assumed that

v =V

model free tO.E%l qrders for_scalar and pseudOf.

scalar gluon models. For vector gluon models

v = i | Be-
model = Vfree with all 'di rep}aced by Vi. Be
cause of non-commutativity of the Vi one can only
replace d? by V? for all integers n when
EBu(x), Bv(yi] = 0 for all x, y and when

curl B = 0. In, for instance, electrodynamics, these
conditions correspond to & potential representing a

static electric field and no magnetic field. Other-
wise, without these conditions, ﬁé'only have a first

order prescription for the vector gluon model.
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Melosh evaluated the free Melosh transformetvion
of the free Dirac Hamiltonian. Let.us now find the
interacting Melosh transformation of the Dirac.
Hamiltonian, including an electfomagnetic field.

We have c?L—A; 9, = ie AJ_
| Y, 0 = ie v, A,
and Y = 3 arctan( ) .

Taking just the first term of the arctan power
series expansion
v = L (yi.0, - 6y .A)-
T Zm Ve LR .

The Dirac Hamiltonian including an eleétromagnetic field
is o

H = fm + g;.(;p_-e_ﬁg o

Since this is é fifst order célculation we cannot use

el = cos Y + i sin Y ‘as one would in the free case

to»éll orders, but ingtead we have
e ¥golY = g = m-ifr,8] -3 [v[va]e. T

" Por the first order we need few commutators

] _eB
2m Ll
2 . e 1ek
[r,6] = 22 o2 + a0 -2% ¢4 +325 0 2 (0 )

. 2.
- ie aJAi + i Eﬁﬁ Ai

- 2 ' ' .
[x, Lv.x]] = BoZ + =BaZ igm-?-ﬁ Qh -

Finally then
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. ‘ 1 [1,..2 2,.2
Hy(em) = pm + a.(p-ed) + —,;;fﬁﬁpL + 3e“BAT
*'lt 95(§Xf+ ip_ye 1Kz - 88 G'+1c')e 1Pé]
J2 v 2/2
. - ek _
- iag9 e aq A + S alAl e

Since it is only the transverse part which has been

transformed, let us leave out the 2z components

Hw(em); transverse

2
~ B e B ,2 ekB
= fm + 5 + > AI + ——-‘—2 a, A!

+ ng (p, + ip )e-lkz - 22%7 (a% + ic')e‘?kz
/2m v 2/2m 4

We must now compare this with the Hemiltonian which has

undergone the first order FW transformation.

2 2,2

o Bp AR . B
Hy P * o * Tom ¥ 2m»k2-‘-\-
» £ (P + 1p Je ~ikz - 'f£L (o, + 10&) -ikz .

V/2n

' We see that the transverse parts -of Hw(em) ahq of Hl'
are equal. The FW transformation can of course be
carried out to any order buf not the Meloéh transformation
unfortunately. This-is only a first order result because
(0 - ieA) raised to higher powers no longer equals 9

to the same power when curl A # O.  As soon as the
negessary extra terms are introduced we would be violating

one or more of the gensesral constraints on the Melosh trans-

. formation.
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We could also attempt to include an interaction
binding.the quarks in the Melosh transformation. In
our case this would be the harmonic oscillator force.
When one evaluates the FW transformation in the
presence of an electromagnetic field, the quarks are
assumed to be free until the electromagnetic inter-
action is introduced. It islreasonable that the
Melosh transformation should be compared under the
same assumption and we saw that they do agree. Since
the FW transformation hésiits desired effect, one can

infer that the free quark assumption is reasonable and

therefore no further terms are necessary.



ADDENDA TO CHAPTER.S '

" Ref. page LO
The charges Fi and ?is "and associated currents
form an. SU(6)w ‘élgebra which is an extension of the

chirél SU(3) x SU(3) current}algebra..
In terms of the free quark model the Fi's are

defined as

Fi = j d3x q+ -);252 q
o= [ axdeg %
Fi = j. d3x q+ o, 2% o
and FfLS = ‘J‘ QBX q+;é%\y5'q 'etc.

The‘charges Fi are épécé integrals'éf‘the O;th com=
ponents of vector, axial vector and tensof‘current densitieS
which are either the directly observable weak and electro-
magnetic éurrents or appear on'the right hand side of
commuﬁators o: these currents. | -

Using the canonical equal-time anticommutation
relations for the quark fields one can derive the com-

mutators for the Fi'sZ

._-4[Fi, Fj] o if,. pE

ijk
i _js ~ o kS
[F , F ] = 125, F
i5 _j5 _ ' k :
. and [F s P ] = i fijk P . |

The big aésumption is to abstract thess slgebraic relations
from the model and assume that they hold in the real world

even though the operstors may no longer be expressed in

simple bilinear forms.



Ref. Page L3

The electromagnetic current & consists of two parts

o= g t ijy which raisgs'or lowers'thé orbital

angular momentum, and. Jj,~ Which flips spin instead.

2 _
The CKO current j; is

<N*[ -Jx + ijy’ N> ejdz'x <N*’ (py +‘ j.py)fe-:“kz [N>

ejd3x <N*I r sin @ eif gikrcos® 119

j_ 1s a good operator and can be used as it is.

-The dipole operator:

D, = fd3x(x +1y) 5 (% ) = fd3x(x +1y) §,(0 t)e 1Kz

Taking matrix elements (jo is the charge density. 1Its
matrix element between quark SU(3) wavefunctions gives

‘the quark charge e) v o
¥|p,| = e a’ <N*4, (x + 1y)e 1 \x >
= ej.a3x.<y*'!r éin e olf o ikrcosd 13;5 '

which is the same as above.

The spatial matrix elements for spin flip transitions are

which contains only good operators (z components of vectors)
and therefore need not be changed. This gives the rest of

the interaction.



- The Melosh transformed D+ contains the full

‘ angulaf momentum structure as shown by Hey and Weyers(hl)
because the Melosh transformation mixes spin and orbital
angular momentum representations. The uhtrarisformed D +

has only part of the structure.



Ref. page L5

The FW transformation in- the presence of inter-
actions is a series of transformations taking the initisal
Hamiltonian H_ to Hy, then. H, to H, and so on,
.removing odd operators to any required order.vv

Follow1ng BJorken and Drell(zg) let us consider the
initial full Hamlltonian CHy and the transformatlon
"eisa _which transforms:,Ho to H, and also the initial

wavefunction Y, to. Wl.

- 18y
v, = © Yo
-i8, 18
d 1 _ - 1
ot ° vp = Hy v H, e Vi
_ e'flSl (1 dwl) . (1 9 e~lsl)w
’ ot ot 1 °
So oy, - [ is, -i8 .
. 1 = 1 - s _E_ 1 - Y
1=t ° [e (B, = 13g) e } V1 Hvy
. . is =-iS
- 1 - _Q_ 1 ’
~and Hy = Ae (B, = 133)e .
“ ' X 32 B
Expanding the exponentials: e =l + X+ ...,

and multiplying out gives the series of commutators

written for a general H ~on page L5.
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'We are interested in finding the lowest order
AL, = 2 term. It would also be of interest to calculate
ité matrix element. We want to consider all —% terms in
A m

order to be consistent. From H5 the relevant terms are

o 2 -ikz ek 2 -ikz . ek 2 ~ikz

—3 P, P_ + —= p_ 0, © + —= p_ 0, .
= R, + | R, + R_ .
| They yield matrix elements with AL, = +1, 0, -2
“respectively.
- The AL, = 2 term, R_, clearly cannot contribute

~to the excitation of L =1 resonances such as the DiB

and Sll from the proton_,' but it will contribute when

L » 2. Wé are interested in the contribution to the
F15. How will.the new type of term,of which R_ 1is
the lowest order ‘representat'i\:re,' affect the matrix
elements already calculated from the CKO model? ‘

'R_ does not contribute to A. but only to A.

-. 2 3/2
for any resonance (like the FlS) where the total quark
5 ,
p e

spin is % and not ‘,3-! R.=® p_. o, .

Starting with the state with J = - 3 which we will

denote | -3 we -have' oL |-z > = ] +2> ana
2 21 .1 - ’
oo, [-3> = Bol+)> .= 1 -2).

So the helicity % amplitude of the Fig is unaffected

by this term. The A will have two new terms R_ and

| 3/2
R_.
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" F 2 2
15 - _ 10 2 -k~ /6a
R+ = | ff a ke ) '
F 02,2
R 15 - 2,2 e k= /6a

- _ 3 . |
— b . 1 _
Ay/o = f;(ALz-l)"' /;(ALZ—z) .

So the new terms'in‘ A3/2 are-

5 S 2 2,2
e [0 2, ek}_g@)e—k/m .

Beceause of.uncertéinty ovér the magnitude‘of the quark
mass m it is difficult to compare the felative magnitudes
of these terms with the lower order ones. If the Fw.
expansion is to have any validity they should be small
"and m quité large. _

A less uncertain comparison can be made betﬁeen the

. two -terms themselves.

o > o '
— 1 La ek
AL, =2 FS’T 3 . 1
An, =1 . [[10 2 e -1 |
2 j;' 3 a k.2m3 | -

So R_ 1is ten times smaller than R, and the resulting
cross-section would be 100 times smallef. This is tru1&
negligible. |

There will of course be higher order AL, = 2 terms.
We can see some in HS' As‘with all othér terﬁs the higher

orders will be even smaller and less important,
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CHAPTER 6

THE BETHE SALPETER EQUATION

This is a dynamical approach to symmetry breaking.

A realistic equation is set up and solved for con-

stituent quarks} ‘Phenomena that in the previous chapter

were treated as manifestations of SU(6)W}

now dealt with as consequences of the dynamics.

a. Review

The Bethe-Salpeter (BS) equation is a covariant

- generalisation of thé two body SchrBdinger equation

for dealing with'bound state problems in relativistic

(h

guantum mechanics

currents are

In practloe the BS eduation.cén only be treated in

the ladder appfoximation.

Ais‘approximated by

The BS egquation in this approximation is

Here the two body propagator

LT

o~ ~

P L

A

?(k(xlxz)_ = fGi‘fdu altx x), SF(xl x3) § (x5~ h)

'XAAF (

KB'XL'_) 'xk(xs xu)
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where DCk(xl xz) is the two body BS wavefunctidn,
SF(xl-xz) is the propagator function - the bare
value since theré are no diagrems
with loops
G is the coupling constant for the
interaction

ZSF(xl-xz) ;s 2 delta function .
" As a differential equation, the above BS equation becomes

In nmomentum space one has
2

o ] 2
Sp(2kep) T sp(3kmp) TG (p) = ,?Z—G%Efdlf‘p'ﬁﬁxp-p')?g;(p'

'Salpeter(hB) rewrote the equation for the case of instan-
taneous interactions in- the laddev approximation; and

Brodsky and Primack(lg)

generallsed it to include the
effect of an external fleld Brodsky and Primack found
exact solutions for weakly bound two fermion systems in
the ladder approkimatiop with instantaneous interaotibns.
.First'atﬁempts at using the BS equation as the basis
of a relativistic quark modél were directed at mesons
describing them as quark antifquark systems. ‘Among others
BBhm, Joos and Krammer(17):developed a model with heavy
strongly bound scalar quérks in a smooth potential
approximating an‘harmonic‘oscillator at Short distaﬁces._

Their solutions represented linear Regcé trajectories

with the co”rect slope and acceptable electromagnetic
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meson form factors (within lOo/o). This model has besn
refined since then to include spin 2 quarks(uh).
Recently Meyer has tried to construct a three quark baryon

(L5)

model along the same lines However he trea?s scalaf
quarks as a first approximation which is rather point-
less since the spin béhaviour is s0 ecrucial ss shown in
e&en primitive models such as Lipes's modification of
rke (1) . So we will use the model of Kellett(:®) wnich
appears to be the first quark model based on the BS
equation to deal with spin in a realistic fashion. He
generalises the Brodsky and Primack solution to three
guarks end strong binding. Although their method iz
independent of the strength of binding, Kellett found
that only for a particularly simplé class of potentials
can the simple explicit solution be derived for étrong
binding. However the fogm of the radial .wavefunctions
remains open. One is ét iiberty to use harmonic
osdillator; Coulomb or other more complicatéd potentials.
~ We will continue to use the harmonic oscillator.

The BS equaﬁion for three particles in momentum
space in the ladder approximation aﬁd with an instan-

taneous interaction is
Loy ov® = m)\[Ges ) of® - m_ ]
[(BP P) .Y mQ][(3P+ 2P Q)°Y mq

x[(']j"P"' %p"'Q)-Yc = mq] V(p,q,P)

= -(-2—1-)-5 Jdup'duq' g(p-p's a-a")¥(p', q', P)
T . .
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where P, p, g

r

are centre of mass and relative coordinsates

Poo= Py TRyt Pe

1
p = 3(py +p, = 2p,) "
a = z(p, = p)

and the quarks are éll assumed to have equal mass .mq
which'is a reasonable assumption since we shall only
consider non-strange baryons.
Kellettt's choice of an inétantaneoﬁs interaction
in all frames means that although the model is nominally
relativistic it is no longer covariaﬁt. Suppressing the
time-like excitations saves ﬁnitarity but it is just as
ad hoc ‘as the methods used by FKR(13) and Lipes(lu).
Still the formal simplification is so great that
' Kellett thought it worth trying. The neglect of these
retardatibn effects in tﬁe instantaneous approximation B
implies a static potential. This may not be unreasonabls.
To obtain Salpeter's eduation(u3)zfrom the momentum
Spéce BS equation oné‘muét first multiply by Yg 72 Yg
which gives N ’

F(p,a,P)¥(p,q,P) = —= 2jdl‘p' altq g (ep's 9-9")
(2m) _ .
) x ¥(p',q',P)
with gea = 1 Yz vg &(2 9)-

and
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F(p,a3P) = [ 3P, - H(p,) - PM%PO - B, (p,) + #p, - qo']

1, N
X ['§P’o Hy(p,) + zp, + qO]

Ha(pa) = a.p, * ﬁp m ete.

. m, is the physical free cuark mass and Ha etc are

-

free quark Hamiltonians. Salpeﬁer's next step was the

introduction of projection operators

o+
/\a‘p ) = Eg - Hy(py)
+ a’.

2Ea

~and sinilarly for quarks b and c. They will be free
vpartidle projection operators in this case.

Integrating with respect to ) and q, gives

o

ﬁP.O(p:QsP) = jdpo dqo V(p,a,P)

and the equation becames

{po‘— H (p,) - Hb(Ps? - HC(PCJ -QPo(B"Q’ E)

/\a/\/\ +/\/\/\)fd£‘d3'g(2 2's9-4")

x» QPO(R" a's P)

(L3)

which is the Salpeter equation and also the threé
particle generalisation of the equation considered by
Brodsky and Primack(lg).

For weak binding the projection operators can be
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dropped and Brodsky and Primack found an exact solution
to the resulting equatioh. In the strbng binding case
one can only drop the projection operators if the rest
’frame wavefunction is a product of positive energy free
quark spinors. This is not in general the case.
Kellett looked for a wavefunction of the form
( 1

) = () () 8 () fy @ DX,

where C(:s is & constant spinor, # is the radial

M
wavefunction and depends on the potential used. He
found that the wavefunction would be & product of free

quark spinors if

— I “
w, = Sm + It o®.p
a a
Wi?h ka = Ea - mq
_ 2 2'%
and E, = (p +‘mq).,‘

Similarly for the b and c¢ quarks with momenta
(3p - 9) and (zp + q) respectively.
| For later ease of calculation tﬁe spinor products

are finally'absorbéd into the Hamiltonian so that only
~ the standard non-relativistic Wavefunctiohs are needed
to evaluéte matrix elements; The triai'wavefunction is
that in the rest frame. The general wavefunction is
obtained by Lorentz boosting the rest frame éolution.

. The normalisation is fixed by
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x E)ATASAS +AZAZAOX

a

F 3. 43 43 + ..
deadgba;gc & (x

1

x 2 Qc—a Ly -J-{-c)

together with
deI;l g [y (2 g)fz = 1.

Finally then Kellett's solution of the equati'on

prdduces a general matrix e'leme,nt
3Jd32 a3q CelEz o A> .

Ha(g_g) is the effective intefaction'on guark a and
the whole expression is'multiplied by 3 to account for
all the quarks. | A and |3} are standard non-
relativistic SU(6) and spatialvwgvefunctions. Ail rela-
tivistic effects are in Ha  which is & product of spinors,
projection éperators and the Qpprbpriate part of the.
quérk current. v

Exact SU(6) syumme try is.aésumed.for the three
quarks so that they have the same méss; magnetic moment

ete.,
Ha(pq) - normalisation factors
| ' a 1. _~, a.a" p 1
x (1 +pa ks ¥ * PG (GE - RIGI, (4 )
, . v a
1 . : 1

x (1 + py.%y0 +p.) () x (L +p_ F.» +p ()

bjb ?b b"'!b cfc fc "

where 7\1 = SU(3) matrices

k p' - p

|

X = anomalous magnetic momant
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e, = photon polarisation L vector
iju = quark current:

v xl
o 7 p)[v +2m ioL_vk ———v(p)
f E

l =

: EB + MB
g .p
P = -
8 E +m
a a
. (4p-q)
Ppp = T
Eb + mq
g°. (3p+g)
p. -— ———————
¢ E, +n

q

with the r); obtained from the p; by p — 5 + -‘g-g_

and g —»3. P is the centre of mass momentum and

P d are quark relaﬁive momenta for the Lorentz

contfacted wavefunctibﬁ.' For hore details see Ref., (18)..
Now let us appiy_this model to resonance photo-

and electroproduction and.compare with our other,results;

b. Second Order Amplitudeé

Kellett expanded H> as a series in l/m where
m weas any of the masses involved. To first order this
gives the CKO Hamiltonian, so the second order Hsmiltonian

!

is the first order in corrections to the non-relativistic
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model. D electroproduction maetrix elements were

13

accordingly calculated. To order /2 for the

transverse modes

HI =. 3ea.[F +~——§—— G ] ea = char;e on
quark a
. exk . (uo <EX
F o= i———=4+ =Y 5 . [- b =
-8 am . 2lm + (o +c ) .EXP
- 2(2-) ) |
. k ’
G, = -v+§? (L 4 Y V + ) L 2=
o | 6mq »QMﬁmq 6m 8M§
&+3%) 42><_’J§'

- Z(Qngp)ngE;] .

The interaction can be written as three times the inter-
. action on‘quafk' a, where Ehe,ﬁﬁe quark terms are of the
form _‘q‘a.g X Py 'anél A(gb +_g‘c)._§_ *Ba s
i.e. the spins of the-other two quarks still contribute.
However the spin matrix elements of t 186 quarks are
the same whichever quark interacts since one cannot say
-which quark had Spiﬁ up or spin down to start with. So
we can write oie x p,  for all three.

Now dropping the subséript from B, Wwe heve



= 2 2
-7
HI = E? 5, e ikz _ ,ZZZ(V + 6§ HFVkm
2./2,mq a”. _ r
V?Z ' vk2 -ikz
- =+ = ) e
bm 2 81 2 +
q r
+ Sy 2 — (G;pz B Gép+)e-lkz
v My 2l
26 k ~ikz
mq V2 Cu2 + vz
2iekv 26 | N —ikz .
- = 2 2 e Py (kay -Ad&px) ©
va m_a 2l A

q

Setting thg_helicity % amplitude of the P to’zero
determines o2 just as in the CKO model. With
'mq = 0.33 GeV as before, we have a® = 0.328 GgV?.
Kellett used o> = 0.35 given by the slope of Regge
trajectories, We will use. 0.328 but it is worth
Vnoting that the values are 56 close. KXellett's argument,
taken from Reference\(l}), does not aﬁply in our modell
because it requires the,ihteractidn enefgy W to be
small compared to the quark mass - ih dther words,
heavy quarks. So-the'coincidence of values of a2 may
not have any significance.

| Now the transverse D13 amplitudes can be calculated.
We will work in the isobar frame., There will be Iframe
.dependencé but Kellett has found it to be small(u6) SO
we will not bothér ebout it. o

The corresponding longitudinal part of the Hamiltonian

is



-6l =

' -.t"2 2/ =
: lZHfa a 8mf 12m

glong . _ eo{:l'+ (—hy 42V - Y 12
T a

1
ol
IqU
H
q
Lo
x .
=
—t
—

.This is in the radiation gauge.;fg.g = 0.

| The longitudinél amplitude represents the actions
of the charges of the qQafks 'f_ the l/r Coulomb force
felt even whenAnq bthérAinteréétion;'hre occurring. So
all the ¢ térms which change thewéﬁark spins give zero

matrix elements and

glong . . [i b1 R S N lZ)EEJ e-ikz

+ .——% k,pz s
Ly | |

The transverse and longitudinal cross-sections are drawn -

| Ayye
in Figure 16 and the ratio R = T

"3/2

is plotted in.
Figure 17.

The ratio is very well behavéa. As Lipes noted,
including the Loréntz cohtréction of the wavefunction
and the_Wigner rotation of the spins strongly modifies
the Gaussién behaviour of the form factors. As we saw
earlier, this modificatioﬁ is bound to be fldtﬁer

rather than steeper, in line with the behaviour
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of the Coulomb-like potential.
It-is difficult to compare the magnitudes of the
cross-sections with experiment because of the presence

of other resonances. oL is smaller than our previous

results, 62 is smaller in proportion to it. The

photoproduction point is the clearest, ‘thefe the D13

should be doeminant. At q2 = 0 experiment (11l) gives’

Al/2 = 0.03, A3/2 = O.lS? while this model gives

0.0319, A5, = 0.303. Interestingly the shaps

A1/2

of c% agrees well with RavndaL(Zl) whose model is

naive relativistic. ¢, is very flat, unlike any other

predictions.

¢. ~The Full Integral

'This l/m expansion is really only valid for lafge
quark masses. .But we are using mq = O.33‘Gev which
makes one wonder'whether the expansion is still valid.
So we now want to do the full integrals and compare them
witklthe second order ones;' The actual expressions are
very complicated and the integration has to be done
numerically by computer.

The general matrix element is written out in detail.
There are three integrals: sbin flip; orbital flip and
longitudinal. The spin matrix elements were calculated
by hand»and then the spatial integrals were put on the
computer. The integration‘method used was that of

Geussian quadrétures and each of the integrands was
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celculated at five points. As a check on accuraéy

ten points were tried and the relative error turned out
to be 2°/o. This is a small error, the integrands are
‘smooth well behaved functions and were expected to con-
verge rapidly because of being domiﬁated by exponentials,
80 no further action was taken on errors and five cycles
were used fof éll the integrals. Note that 2°/o0 on an
amplitude means uo/o for a cross-section.

The results for the D are shown in Figure 18.

13
These numbers are for thevisobar frame,

2

m =0.33GeV, g =1 and a° = 0.35. The formulae for

q

oL and o, are those used before. We need to check

the effectiveness of the cancellation in the Al/2 for

photbproduction. To do this we calculate the backward
differential cross-section which is given by CKO(u) as

do 27+1 2 "N 2
g

_ 1 N
da = 35wy al
- 0= : o ‘ =
where J = resonance Spin

X= elasticity, [ = width

mN, mR = masses of nucleon and resonance,

1

. do ' -
In this case 37 = 0.62 pb.sr

o=
. 2 _
with a© = 0.35.
So although the cross-sections are the correct
shape and order of magnitude, we are far from cancella-

tion. The experimental value(u) is about 0.08 ub.srnl.
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The retiovis also rather_strange: it falls ratherithan
rises. +But the numbers are almost constant. This
behaViour is still congistent with the data. The only
real discrepancy is the differentisl cross-section.

2

One cculd try to vary a2. With a“ = 1 we have

 §5{, '= 0.046 pb.sr"l smaller by & factor of 10. The
o= ‘ )

point of doing this is not very clear. First of all a2

needs to be greater than 0.35 to improve the cancellation.

But tnls reduces the overall novmallsntlon too so that we

“would lose the order of magnitude agreement for o~. The

total transverse cross-section at q2-= 0 and «® =1

ie 6y = 0. l?@b down ffom oy = 95.5 pb at a2‘= 0.35.

The maln reductlon comes from the factor of : 11/2 out-

‘side the 1ntegrals. Also for ‘an harmonic 0301llator |

a® = m o where © is the level spacing. If af in-

creases~§ithout‘changing md, ®w will become unphysically

large. A’poesible solution here is that, since»fhe

theory is baeicallyfa relativistic'one, a 1iteral inter-

'pretation of the potential may be inappropriate. In this

ceee a2,= mqm_ would be a non-relativistic approximation.
Secondly, we could try an‘anomaleus magnetic moment

and a heavier quark. Kellett (18) has ‘pointed out that

Van anomalous moment seems to be required in his model

even for very light quérks. This appears to be the most

suiﬁable next etep. Changing a on its own iseblocked bf

‘the changes in overall normalisation since a small change,

not enough to com?letely disrupt the order of magnitude
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agreemen;; will not effect the cancellation very much
either.

It is highly probable that the situation can be
impréved by some scrt of tinkering along these lines.
The important thing is that the model is viablé; the
exact numbers are a secondary matter and we will not
pursue it any further.

The fact that the second order and full integrals
afe-not‘in veryAgood~agreement casts doubts upon the |
meaning And.uséfuiness of the non-relativisﬁic expan-
' sion'and also on the full integral. .Which_is more
rellaole and trustworthyV Are either.or neither. of
4them s reasonable description of reality? The non-
relat1v1stlc CKO quark model has been quite a good
tool for exploring resonance decays. The electro-
magnetic current is the first or second order in a
% expansion. The Melosh theory of the previoué
chapter also relies on a % éeries. These series
seem to be useful despite the smeall mass. Howéver
the model is supposed to give a full description of
é#ents. Thére are no timeflike excitations butb these
are known to be unwanted. The‘interaotion is calculated
in the ladder-approximation and neglected higher order
graphs could perh aps be accountea for by the inclusion
of an ‘anomalous magnetic moment as discussed by Xellett.
'To sum up. it is difficult to assess the importance
of the series expansion in % buﬁ the full integral

gives consistent numbers for the cross-sections eand,
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by adjusting the parameters, can provably be improved.
One final test which should be made is for the

mutual cancellation of the D ‘and the # The

13 15°
differentidl cross-section for the FlS should be
about the same or a little smaller than that for the

D Then if, with zdjustment, the . 7 amplitudes
J 15

13° .
were made vanishingly small, then the D13 amplitude
would do likewise, Cancellation in cne resonance

requires cnly adjustment of the parameters. Cancella-

tiqn in both is = non-trivial'prediétion of = succesqul‘

model, |
So, putting in the F15 wavefunction and repeating'

the previous calculation, we find for a2,=-0.35

ac- s
a‘:&" 0007)-'- I,Lb.SI‘ e
O=mu
This is about ten times smaller. than the D13 value.
. 2 _ do -2 -1
For o” =1 Sa J = 0.04 x ;O pb.sr
O=n '

.~

which is a hundred times smaller.
So increase in _a2 has the same effect for both

resonances. However the experimental value of

1.1 x 1072 pp.sp 1 (30,32)

aa = 0.35 value.

agrees better with the



ADDEHDUM TO CHAPTER 6

Ref. p. 68

We have tried to improve the £it of the model by
including an anomalous ﬁagnetic moment term in -the
current. The quark mass was changed with the gyfomagnetic
ratio according to = %ﬁ— although’this is arbitrary
in a strong binding situation where the binding may also
affect the mass.

Values of é from 2 to 10 weré triéd and the Backward
différential‘cros§-$ections for photoproduction of the D13
and FlS were calculated. The experimental values are

0.08 and 0.0L pb.sr = for the Dy, and F g res-

A 13
poctively(ts 305 32) - yeeping a® = 0.35 GevZ the
results were as follows?:
do- _ -1 L —
g da | WPesT (Dy3) (Fy5)
6= » |
2 0.157  2.47
L 0.5L 3.43
-6 0.507 2.85
8 0.481 2.20
10 | , 0.462 1.72
without ' _ _
anomalous 1 0.62 0.07L4
moment .

Values for the FlS are far from experiment with any

anomalous moment although there was improvement for the

n



However we can also vary a® and try to find a
region of g and'-a2 within which both cross-sections
are small. A number of values of dz were tried

(0.5, 0.75, 1) and run over the same g range as before.

- do ? 2 2 do
Plotting g vs. in at fixed a and a~ vVs. an

fixed g and extrapolating,values of a2 and g were

at

found for . %%: fixed at the -experimental numbens; 0.08

and 0.0l ub.sr~1 for the D and F15 respectively.'

13

These are drawn in Figures 19, 20 and sgperimposed in
Figure 21.

Note that the graphs are double valued. The upper one
decreases and the lower one increases for a larger dif-
ferential cross-section. ‘As we see in Figure 21 there

are points at which the D ahd- FlS curves cross and

13

a region where the Curves lie almbst on top of one another.
This means that one can. choose g and a2 to satisfy ex-
periment for both resohances together. This is a success
for the theory.. | “

The‘peak at around g = 20 for the Fls will ocecur

for the D (if at all) at much larger - g. We could not

13

extrapolate Tar enough accurately enough. The extrapola-.

tions all have error bars of about b 1 fbﬁ g ‘and o

2

for a but because some are drawn with known g and some’

2 X . e
with known a and then smooth curves are drawn, this .
increases the accuracy.
There is one other resonance of particular interest, -

the 811(1535). According to new data presented at the
(12)

Bonn Conference thé total cross-section for electro-

! R ’ ! ‘ 4 3 2 :'r
production of the Sll is constant with q. The CKO
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model (and bthers of similar type) predibts a fall as

for the: D13 (Figure 2). From the calculations discussed
'4here, Kellett's model also predicts a sharp fall without

ah anomalous moment‘(Figure 22). Inoludingltﬁe anomalous

. moment term-makes no essential difference bécause, although
two terms contribute té'the amplitude, one is two orders

of magnitude larger and éauses the total transverse cross-

“and S The dominance

‘ 13 11°
Ldf the orbital-flip term is so great that over the whole

section to fall in both the D

. range of g and a2 investigated, there were no signs
of flattening off . So even though the parameters can be

‘chosen to fit the differential croés-sections for the D13
‘and FlS’ none of the possible values will explain the

obsered behaviour of the S total crOSstection.' Thi.s

11
is a definite failure of the model to agree with experiment

even with two parameters to vary.
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: : CONCLUSION

Let us summarise our progress. The non-relativistic
harmonic oscillator model is in good agreemeht-with
experimenf for cross~sectione but it predicted a very
steep'increase in the ratio of transverse helicity
amﬁlitudes,A R. The Coulomb-lilze potential predicted
a muoh gentler change in R but since the overall
‘normalisation was -far too small, we .rejected it as
Uneuitgble. But since R Dpehaviour devends on the
form factors, we still regard the R prediction as
meenihgful. Returning to the harmonic oscillator we
found that»with the addition of spin orbit terms R
is made flatter without losing.the gooﬁ cross-section
agreement; .So the non}relativistic model can be made
seif-consistent and fairly accurate.

Next we had to face the problems of SU(é) breakl
and of a relativistic etten31on to the prev1ous ‘model.
We dealt with them together in two ways. We showed that
". the composition of terms ih the Melosh theory was con-
patible with the angular momentum stfucture inherent
in the electromacnetlc current and extended the Mslosh
transformation in first order to 1nclude the electro-
magnetic interaction. Kellett developed a model of
three auarks ih an harmonic o301llator potential
solved via the Bet ve-Salpeter equation. We showed that
when applied %o resono;ce slectroproduction, the results

. are consistent with those ol other models and the data,



So what do we do next?. The-situation at present

*

is that-there aro two ihdependent models for extensions
to the naive CKO guark mode*. Both work quite well

Oﬁr natural impulsé is to trf and unite them. It can

‘be argued that this is possible as follows. In the

’.'Meloéh_pioturo the interaction is with one quark only,
'the othér two are dragged along in the longitudinal
direction and their SU(6)y, classification is not
:affeoted However, these quarks ‘were already moving

E about in the statlonarj nuc’eon, at an an~le to the
'1ongit di"ﬂl d:rectlon 8o tnau the boost will affect -
~their splns contrary to the preV1ous as sumption.

This has been dealt w1th rlcorously by Osborn h?)

He has shown that. the one quark Helosn transformation

'aiSoussed so far is only com pptlble w1th spin con-

straintsl(formulated'as an anoular condltlon) to first

Y, o
L Ei . Other"

order in the arotan Seriés,rite}njust
w1sermany -guark operators are reaulred
So the 1nclu31on‘of tne electromagnetic, 1n+evactlon
in V to firSt order, discussed in Chapter 5, is still
valld for very low energ £y 1nte"acuons where the rela- -
tlvistlc spin transformation is. pevl-g*ble. What is
neoded now is a specific model_w1th a three quark Melosh
transformation which-afféots spins in the same way as
- the dynamics of'the Bethe-Salpeter equation to agree
.with'Kellett'o method. It is hoped to investigate this
problem in the r future.

The Melosh transformation was a great step forward
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in providing a link between particle classification

.

and interections. A model with more or less

‘realistic forces is also a step forward. To unite

them would give the quark model more sirength and

<

certainty than it had previcusly to combat difficulties.
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APPENDIX

a. Siy{6) Resonance Classificstion

The superhultiplets are of the group SU(6)E SU(3)
combined with SU(2) quark spin;' Stafes‘are grouped |
in 56 or 70 plets, the symmatric‘and mixed symmetry
configurations, aﬁd also labelled by orbital aﬁgular
momentum and parity. The quarks are aséumed to obey
psrastatistics and the wavefunétions will ferm repre4
_sehtations of the‘permutation group;onvthree objects
with the szround sbtate totslly symmetric. The three

lowest levels are shown on the next page.

b. Spatisl wavelunctions .
These are as in Faiman and Hendry(g). The threo

l, £2’

spatial wavefunctions are the solutions of the

quarks have radius vectors r r. and the complete
RS e L 3 :

Schr8dinger equation with an harmonic oscillator

Y

potential for three particles.

The proton is the ground state (ls)3 compl ecelv

. symmetric, _
1 u\_3 3/2 a 2 2 2.
y = = exp I- = (r.-" + 1 +r. 7)) .
<qu()3,/’.2 JT _ | 2. i 2 3 ]
The D and s,, .are (1s)%(lp) in tne [ 70, 17]

13 lL

-with mized symmstry. hers are two possible wave-

functions. #a is even'unaer pormutation of quargs

=3

1 and 2 and is the cne we requirs.- There is also ¥y - -

odd under psrmutations of cuarks 1 and 2.



Level Number " Configurations Supermultiplets : © Resonances

o an? s ot w®, e

1 o (15)% (1p) _. 70, 1 ey, 2D, " ete.

(2e) - . 56,27 5,07 P

(1s) '(ip)2 20,1 70,0 Py, ete.




_ 1 L 332 4 ~ . _d®, 2 2. 2
vy = 3 ;%_) _EE (31 +r, 253) exp[j .7?(rl tr, 3
The Fig . is (1s)%(1d) in the ['56, 2*] and completely
symmetric.
2 32 [ - 2, ,, ]
Vo= (— Y, H) + .Y ()] x
T /E o) o 5 3 T2

»
X expl:- %?(rlz + r22 + r32l] .

"The Y's are spherical harmonics.

In the FlS case there is a second possibility:

vse, 25 = [2 asPaa - f (1s) (1p)®

The '(ls)(lp)g does not nontribute in this model because

one quark excitation only is assumed to be of signifi-

cance. 'But_we'mustAalwayseremember to multiply by JE% .

The eoeff*cients for the linear combinatien are chosen
to ellminate dependence on the centre of mass radius
- vector - 'g = —(3 + r2 +.£3); Any R dependence‘
represents a spurious excitation as the three quarks

remain in the same state and are Just corporately moved

along.'
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C. SU(6) Wavefunctions

SU(2) spin wavefunctions. - Each quark has spin Z.

Defining a = spin 5 up B = spin % down, we

have doublet

X%,{ = 55(201 2. ‘33 B OL‘1“3.2. OL.3 ' By a2 _0“3)
B +3)
- i«- - 'j;f(al Bp = By opla;
‘quartet
(3 %> 3(3/2 +1/2 ='\‘/‘§(C‘1 2 B3 +“‘ ‘32 3t P2 3:
%’ : x3/2,+’» 3727 "1 %2 ay -

SU(3) isospin wavefunctions

We are only interested in p and n quarks.

P =a and n =B (isospin 3 up or down)

i

1 N } .

-l_-}_(pl‘ n, =0y P,)P
VE | 3

Qe
@
ol
Il

o 1
glo 1/2 s ;%(pl p2 n3 + pl 2 P3 + n pz p3) °



A4

SU(6) wavefunctions are formed by combining the SU(2)

and SU(3) wavefunctions., They must be representétions
of the permutation group. The relevant Clebsch-Gordan

coefficients are

m m 8 I
k 2 1) = /3 ‘ym
m m m _ o m.om _ o m m m _ M m m _ 1
-1 1 DG 2 =G 2 =Gy 2=
J2
" So SU(6) wavefunctions are
i 1 — 1 ! R 2 92
lp % +) G {x%+ 8gp * X34 osp]
a _
142\ = 1 T7T+2 2 o ! ,!
D13 = f2> Y- [JC-Z-» &gp 3+ ng] even
. AP 1 | |-
D13‘ z '+%>_== ;25 [j(1+ ng )C;+‘88p} . odd
Ch aN L LAt a2 2
Fig = "'§> /3 [x%'*' Egp * X%.'. éng] .

Similarly for nett quark spin component -%

The total wavefunctions are now products of SU(6)

and spatisl wavefunctions in the same way.

'p>up +]§>
(D13>;p =  ‘—/1; v, (70, 17) ,DlB §>a

v(se, o o

-

il

lFls up wse, 25 [r. .
: |

Wi
3-
)~
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The Sll is not seﬁarately described-here as it has

the same wavefunctions'as the D The only difference

13°

between them is the way the quark Spin and orbital

angular momentum combine.
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