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We review and update the theory on photo- and electroproduction in the nonrelativistic constitu-
ent quark model (NRCQM). The electromagnetic interaction Hamiltonian for a three-quark system

is discussed, particularly the nonadditive term and the role of the binding potential which have been

neglected in previous calculations. We find that the successes of the NRCQM survive these relativ-

istic corrections and make predictions for baryon-resonance excitation that can be tested in forth-

coming experiments; however, we suggest that some QCD improvements to the NRCQM are in-

complete. Finally we discuss the limits of application of the long-wavelength approximation in res-

onance photo- and electroproduction.

I. INTRODUCTION

The nonrelativistic constituent quark model'
(NRCQM) has existed for nearly 25 years. It is highly
successful phenomenologically, has very little theoretical
justification, and as a "true" description of nature must
be wrong. Progress in understanding could follow if first
we make the model break down in experiment and then
learn from the nature of its failure.

Photon interactions, such as provided at the Continu-
ous Electron Beam Accelerator Facility (CEBAF), could
provide important information in this regard. Surpris-
ingly, the literature on electromagnetic interactions in the
NRCQM is incomplete and even inconsistent. It is our
purpose here to clarify the state of the literature, identify
the areas of inconsistency, and bring it up to date, with a
view to setting targets for the forthcoming program at
CEBAF. This is not simply a rerun of old ground.
Given the interest in gluonic degrees of freedom, and the
possible existence of hybrid baryons in the mass range ac-
cessible to the new machines, it is important to have the
best understanding of the "conventional" baryons. Pho-
toexcitation of the low-lying hybrid states contain some
rather interesting selection rules and so electromagnetic
interactions may enable these states to be isolated from

QQQ resonance states.
The photon is a clean probe in that it couples to the

spin and flavor of the constituent quarks and reveals the
correlation among the flavors and spin inside the target.
The photon has spin l, so helicity amplitudes where the
photon and target spin parallel (net helicity —,-') or antipar-

allel (net helicity —,) give rich structure. Furthermore,
since the photon has a mixed isospin zero or one, both
proton and neutron targets give independent information.

By exciting nucleon resonances in various helicity

states from proton and neutron targets, one can form ra-
tios or linear combinations of amplitudes where specific
features of confinement, common to all the amplitudes,
factor out. The information remaining thereby probes
more directly the electromagnetic interaction of the
quarks, revealing their spin-flavor correlations.
Knowledge of these correlations can give insight into
configuration mixing, such as predicted by QCD.

Such a program had its genesis with the early work of
Copley, Karl, and Obryk and Feynman, Kislinger, and
Ravndal, which gave the first clear evidence for an un-

derlying SU(6)SO(3) structure to the hadron spectrum.
Subsequent to QCD, the importance of gluon exchange in
generating spin-dependent energy shifts has become es-
tablished. These spin-spin, spin-orbital, and Thomas-
precession modifications to the nonrelativistic binding
Hamiltonian (H&cD) break the SU(6) symmetry of the
spectroscopy in significant, though imperfect, agreement
with data. They also induce mixing between the SU(6)
basis states causing the physical baryon states to be linear
combinations of them.

The standard work on the electromagnetic transitions
among baryons, incorporating these QCD mixing effects,
is due to Koniuk and Isgur. This is our point of depar-
ture. The electromagnetic interaction used there, as in
Refs. 2, 3, and 6, is incomplete on phenomenological and
theoretical grounds. We shall show that it is inconsistent
to restrict oneself to the electric (convention) and mag-
netic moment interaction operator familiar in atomic and
nuclear physics:

H, =gH, ,

e,
H, —:—— [p, . A(r, )+ A(r; ).p; ] p; cr; B(r—; ),

m,
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where quark i at position r; has mass, charge, and mag-
netic moment m, , e, , and p, .

There are spin-orbit and Wigner-rotation contributions
to H, which arise at the same order as their analogues
in HQCD and are required by gauge invariance (Sec. II);
we shall refer to these as H„,~.

H, in Eq. (1.1) was the suin of single-quark interac-
tions. The electric term flips the L, of the quark in the
simple harmonic-oscillator (SHO) potential; on absorbing
a positive-helicity photon, it transforms as L+. Similar-
ly, the magnetic term flips the spin and transforms as S+.
Thus Eq. (1.1) transforms as

3
1 Q

NA g 4M m, m
.(e, E Xp, —e, E, Xp, ),

where MT is the total mass of the quark system, which in
the absence of binding is

sociated with the Wigner rotation of the quark spins
transformed from the frame of the recoiling quark to the
frame of the recoiling baryon. According to Close and
Copley (see also Ref. 9), this introduces "nonadditive"
terms into H,

H-L++pS+ . (1.2)

It has been found to be in remarkable agreement with
experiment. Based on this model, Close and Gilman
successfully predicted a rapid change with q of the heli-
city structure of the resonances Fi~(1688) and D»(1520)
in electroproduction.

Koniuk and Isgur considered QCD effects on the
SU(6)I3IO(3) configuration mixing, and investigated the
consequences for real photoproduction. This gave some
interesting improvement in the model predictions. How-
ever we believe the H, at Eq. (1.1) is overly restricted.
Even if the HQcD were absent, the H, at Eq. (1.1) has
long been known to be inconsistent as manifested by its
failure to satisfy general low-energy theorems for Comp-
ton scattering. ' Koniuk and Isgur discuss the phe-
nomenological consequences only of the hyperfine piece
Hhyp of HQcD and so do not directly confront the need
for H„~ on the grounds of gauge invariance, but the satis-
faction of the low-energy theorems still require the pres-
ence of H„~ in general at this order.

Given the fact that the mass of three valence quarks is
small, the nonrelativistic approximation is not a priori
justified and the relativistic correction should be studied
in order to give a consistent theoretical prediction. The
importance of the spin-orbit interaction

1 e
Hso 2P-

2pl 2m
0 PXE (1.3)

has been discussed in many places, ' ' and this com-
pletes the most general algebraic structure of H, at the
single-quark level"' (apart from recoil eff'ects, see later),
the spin-orbit interaction transforming as

Hso-S, I ++S+ . (1.4)

There have been some limited investigations of the
phenomenological consequences of including this term in
the H, . Kubota and Ohta added this relativistic
correction to the transition operator and, based on
Kubota's calculation, Foster and Hughes' calculated the
transition amplitudes of electroproduction. However, as
discussed in Refs. 8 and 9, and applied to the quark mod-
el in Ref. 10, this interaction cannot be treated in absence
of recoil effects and the em interaction is incomplete.
One can no longer write H=gH, at this order; to
separate the internal excitation from the motion of the
center of mass, there should be a "nonadditive" term as-

m, (1.6)

Recently Le Yaouanc et al. ' have shown that the
binding potential also plays an explicit role in H, at this
order. Ohta' included this nonadditive term and the
binding potential in his calculation for the Roper reso-
nance P, , (141 0), and showed much better agreement
with experiment. But the calculation for other reso-
nances has not been done, nor has any study been made
for electroproduction. Furthermore, it is still an open
question how the amplitudes for other resonances are
modified by the nonadditive term and the binding poten-
tial. We will discuss the role of the binding potential in
the next section.

In this paper we study the consequences of Hso and

HN~ (we refer to these collectively as H„,~) on their own
in order to compare the relative magnitudes of H„~ and

HQcD as in Ref. 5. We find that they are comparable in
magnitude, and hence that the conclusions of Ref. 5 are
incomplete empirically.

The main purpose of this paper is to define H„,
theoretically, investigate its consequences, and to com-
pare our results with those in the literature that have (in-
completely) dealt with this problem. ' ' Note that H„,
is necessary on general grounds even if HQcD is ignored;
one can consider H„,~

without HQcD but the converse is
invalid, namely, if one discusses electromagnetic transi-
tions including HQcD then one should also include H„,
on the grounds of gauge invariance.

The applications will be primarily to real photoproduc-
tion. However, there are new features of the hadron's
internal dynamics that can be accessed by varying the q
of the photon probe as in electroproduction. There has
been relatively )ittle study of this q dependence theoreti-
cally. However, one of the early successes of the quark
model was the prediction that helicity amplitudes, which
may be suppressed when q =0, become dominant very
rapidly with q, even by q =0.5 GeV . W shall discuss
the limit of validity of the model with q, and the q
dependence of various amplitude ratios can be abstracted
from the tables in Sec. IV.

In the conclusions we consider, in particular, the im-
pact of this work on the phenomenological discussion of
Ref. 5. It suggests that a realistic confrontation with
data requires both HQ&D, as in Ref. 5, and H„,~

as here.
This is developed in detail in Ref. 15.
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II. THE ROLE OF THE BINDING POTENTIAL with the wave function

Consider the following Hamiltonian for the three-
quark system:

3

H= g [a;.(p, —e, A, )+P, m, +e,P;]

3

'P=N(pi P2 P3) Q

a, P o.;.p,
'

1+
2MT+ T 2m, +t;

P PI

2MT+ T 2m,-+ t,

+ +[V,(r, rj —)+P;P& V, (r, —r, )], (2.1) (2.3)

where A; and P; are the electromagnetic fields,

V, (r, r) an—d V, (r, r) —denote the vector and scalar
binding potentials for the quark system (later we will

write V„and V, for simplicity where, as particular exam-
ples, V, could be a long-range scalar simple harmonic po-
tential and V„be H&cD, single-gluon exchange. )

The corresponding relativistic Dirac equation is

(2.2)

where P is the total momentum of the system,

p,'=p; —(m;/Mr)P, T (I; ) is the kinetic energy of the
center-of-mass system (the particle i), which can be
neglected to O(l/m ), N(p„pz, p3) is the normalization
factor with respect to the spinor wave function, so 4 is
corresponding to the normalized nonrelativistic wave
function, and g, is a two-component spin wave function.
In the case of electromagnetic fields, the momentum p;
should be replaced by p; —e; A;. The transformation
from four-component relativistic Hamiltonian to the
two-component Hamiltonian follows from

u;P o;p,'1+
3 2MT+ T 2m, +t;

HNa=N(p| P2 P3) II
2MT+ T 2m;+ t,

cr; P o.; p,'1+
2MT+ T 2m;+t, .

a 3

H —.
l BI; i p p;

2MT+ T 2m, +t;

N(pi, p2, p3) .

Thus up to O(1/m ), we get the nonrelativistic Hamiltonian corresponding to Eq. (2.1):

NR b em

where

(2.4)

(2.5)

3 p
2

Hb= g
=1 2m

4

+g V, + V, + V V„+ o; [V(V, —V, )Xp;]

1
o [V(V —V, )Xp, ]—.

J

1 p 1p+ p, V
8m, 8m

1 1 1

4 2 pi sPi
4 2PJ sPj 4MmI m T I

.[V(V„+V, )XP]
J

(2.5a)

and

3

H,
e; e,

( A; p;+p; A;) — cr, .B;+e,P;

PI+ o,- EX
4m, -

' ' 2m;
XE, + [p, , A, p, +p, A;+o, .B, I

2mI 8mI

cr, .[V(V, —V, )X A, ]+ cr, [V(V„—V, )X A, ]

+,V„,(p, A;+ A, .p, )+ (p, . A, + A, .p ) .1 1
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o,. 8,. + o 8 V, + (p, . A, V, + V, A, .p, )

+ (p . A V, +V, Ai.p )

4m, '-

m.
.[eiEJ Xp; —e;E, Xpi —V( V„+ V, }X(e,A&+ez Az+e3 A3)] (2.5b)

where [ A, B I represents the anticommutator. The effects of the anomalous magnetic moment have been exc}uded in
this calculation and will be included later; terms with higher powers of A; also are excluded. From this calculation, we
can see that the nonrelativistic electromagnetic interaction can be divided into two parts: the first part is associate
with the gauge invariance of the nonrelativistic Hb in which p, is replaced by p,

—e; A, , and the second part is the in-

teraction between the magnetic moments of the quark system and the external magnetic fields.
McClary and Byers' in their calculation of the transition in heavy quarkonium have shown how to avoid the explicit

appearance of the binding potential in the first part. Notice that

2
Pi . PI=1 , r,
m; 2m;

(2.6)

and let

3 p.
H = g + +[V„(r; r}+V, (r—, r)]—+H',

i=1 ™Ii(j
where H' is the higher-order terms in Eq. (2.5a). Then we can write Eq. (2.6) as

(2.7)

PI
i[Hb r ] +i[H-r ]

1

and hence Eq. (2.5b) becomes

3 e;
H, = g e; i ,'([Hb—, r; —].A;+ A; [Hb, r; ])— o; 8;+e;P;

(2.&)

+ o.
, EX

4m, 2m,
XE, + Ip;, o; 8; I2m; 8m;

e, e 1o.
, B, + cr B V, +

0'j
(e, E Xp; —e;E;Xp, )

J

(2.9}

Furthermore the o. 8 terms can be made more transparent

3

o, B+ Ip, , cr; 8 I +g o, 8+ o B V, =g O';8 O+(1/m ), (2.10)

where the effective mass m;* is

m, *=m, + +g V, (r, r) . —Pi

2m;
(2.1 1)

After including the contribution of the anomalous magnetic moment, the electromagnetic interaction of the quark
system can be written as

ei pi
H, = $ —ie, ,'([Hb, r, ].—A,+ A, [Hb, r, ]) p, o, .B, ———2p, ,

— o, E, X
i =1 2mi mi

XE, +e, P,
2m,

+g
m,

*
Oj

~ (ejE Xp, —e,-E, Xp )m*
l

(2.12)

which in the long-wavelength approximation may be written as
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e, ] e; Pi
H, = g e;r; E, +i (p; kr, . A;+r; A, p, k) —p;cr, .B, ——2p; — cr; E, X

1 mt
„XE; +eP,

2fPl;

0; C7j+ g — ' .(e, E, Xp, —e, E, Xp, ) .
i (J T ml- mJ

(2. 13)

This form for H, satisfies the low-energy theorem.
Note that the spin-orbit term in the first line and the
nonadditive term in the second line in Eq. (2.13), omitted
in much of the literature ' ' ' ' "" are crucially neces-
sary in this regard.

Here, p; and m,
* can be treated as free parameters.

The physics behind this is very clear, as McClary and
Byers' pointed out, since the first part of the electromag-
netic interaction containing the binding potential is gen-
erated from the corresponding term in Hb by the gauge-
covariant substitution p~p —e A. Thus the tensorial
transformation properties of Hb(p) are manifested in

H, ( A). If there is no configuration mixing in the quark
model, the matrix elements of Eq. (2.12) between eigen-
states of the binding potential are identical to those of the
electromagnetic interaction at Eq. (2.5b) neglecting the
binding potential V, , terms. This point has not been
consistently addressed in the literature. For example,
Ohta' generates a spin-orbit term in H, by substituting
p~p —e A into the spin-orbit term of Hb, however, in
the Isgur-Karl study of the baryon spectrum, it is neces-
sary to ignore the L.S terms in Hb in order to fit the
data. ' This can generate an inconsistency of electromag-
netic transition operators when the binding potential is
included. The binding potential may induce
configuration mixing among the SU(6)80(3) basis states
but need not play an explicit role in the H, if Eq. (2.12)
is used.

III. THE TRANSITION MATRIX ELEMENTS
AND CURRENT CONSERVATION

kxV =koVo —k V=O (3.4)

where k& is the four-momentum transfer to the quark
system, and we assumed equal mass quarks.

If we take k to be in the z direction, then it can be
proved that, for a three-quark system with the Hamil-
tonian

(3.6)

we have

( %f (p, A, , R ) ~p 3,exp(i k, z 3 ) +exp(ik, z3 )p 3, ~
ql, (p, A, , R ) )

= —[ —,'(Pf P; )+2m (—Ef E;)]—
X ('Ilf(p, A, R) ~ex,p(ik, z, ) ~%', (p, A, , R) ), (3.7)

where Pf (P, ) is the final (initial) momentum of the
center of mass, and Ef (E, ) is final (initial) internal ener-

gy level of the system. Thus if current conservation is
true, we should have

and in the SU(6)0(3)-symmetry limit, this leads to

k, & 0 f(p, A, , R)lexp(&'k'r3)lql, (p, &,R) &

1
k (+f(p, A, , R} p3exp(ik r3)2'

q

+exp(ik r, )p3~%;(p, A. ,R)), (3.5)

For the three-quark system, the SU(6)C3 0(3) wave
function can be written as (Pf —P; )+Ef E;— (3.8)

~SU(6)0(3)) =%(p, A„R)gg, (3.1)

q'(p, A. , R) =g(p, A. )exp(iP. R)

and the relations among p, A, , R, and r, , r2, r3 are

1p= (r, —r, ),

(3.2)

(3.3a)

1—(r, +r2 —2r, ),v'6

R =
—,'(r, + rz+ r, ) .

{3.3b)

(3.3c)

The current conservation in the nonrelativistic limit can
be written as'

where P is a SU(3}-flavor wave function and y is a spin
wave function, the spatial wave function %(p, A, , R) can
be written as

which is the energy conservation in first-order nonrela-
tivistic approximation. The left-hand side of Eq. (3.7) is
used in calculating matrix elements of the spin-orbit term
in Ref. 6 which used the center-of-mass frame. This in-
tegral is frame dependent and in the c.m. frame the first
term on the right-hand side of Eq. (3.7) is not zero; there-
fore, it should be taken into account, but was ignored in
Ref. 6. The recoil term can contribute to the transition
matrix elements, and sometimes it is important.

From Eq. (3.7), it is possible to make the recoil contri-
bution vanish by working in the Breit frame where

tPf ~

= ~P; ~
and the amplitudes then correspond to total

internal transition. The result of the calculation will be
shown later.

For the harmonic-oscillator basis, the above con-
straints are satisfied explicitly since
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(3.9) HNR= X— e,
(p;. A;+A; p, )+p;o, B, —e, P,

2m;

where cz is oscillator strength, and N is the quantum
number of the energy level, and where E,- is the energy of
the ground state.

IV. PHOTOPRODUCTION OF BARYON RESONANCES

Following Sec. II, and in the absence of configuration
mixing, the electromagnetic interaction may be written as

(4.1a)

e, o.;
Hso= g ——2p, — .(E, Xp, —p,. XE, ),

2 2m 2
L

(4.1b)

and HN~ is the same as Eq. (1.5). Following the pro-
cedure in Refs. 1 and 2, simplified expressions can be
written as

1/2

H, m
—HNR+Hso+HNA, (4. 1) HNR =exp(ik~(3) )6 pq(3) kS(3)+ P(3)1

+ +

where (4.2a)

TABLE I. Photon-decay amplitudes between [56,0 ]o and excited basis states for spin-orbit terms in naive SU(6) model. These
are coefficients multiplying 8, C, the expressions for which are in Table IV.

Multiplet States

[70, 1 ]1 N(2PM)-,'

N('PM) -',

N('PM) —,
'

N('PM) -',

N( PM)~e

&('PM)-,'

&('PM)-',

[56,2+] N (2Dg)

N(2D&) 5

&('D~) 2

E(4Dg)

~(4D, )
5'

&('D~)-',

[56, o+], N('s,')-,"
~(4SI )

3

[56, o+], ~(4s, )-",

[70, 0+]9 N(2SM )

N(4SM) 9

—1
3~6

1
3~3

—1
9~6

1
9~3

3/s
~a
3~5
-v~
9~5

9~5
je

9/35

3~35

3

9
—J%

9

—1
16/a
—1

18~6
—JS
6~5
—vr
6~5
-u6
9~5

JK
9~7

2va
3+105

8

9~5

/105
—e/s
9~7

isa 2

—1
6~5

1
3~5

9~5

9~35

9~7

B
1

e~e
—1

9~3

ijsv 3
—1

9~30
1

su%0

2v&
9~5
-2'
9~5

—2
9

—1
9

n
2

1
16~3

1
18~6
—1

16~3

9~15
—1

6~15

~s
9~5

9~5

B

-1
3~10

1
3~15

1
9~5
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Hso =exp(ikz(, )
)3&~k 2 ——q'

mug
=6

n

1/2

p —( 4f exp(ikz(3) )P+'
l 4; ), (4.4a)

x S'"S""—S'" P"'+-
z + + z

HNA =exp(ikzl2l )2&ark qI '

mqg

X(S(1—2)P(1) S(1—2)P(1)
)+ z z +

(4.2b)

(4.2c)

B„=6&~kp(4f lexp(ikz~, ~)lq'; ),
B,= 6&—~k p 1

2m g g

X 4f exp(ikz(3) ) P, +—(3) k
2

(4.4b)

(4.4c)

where S" '=S'"—S ', the direction of the photon
momentum k is chosen as z direction. Here the phase
convention by Koniuk and Isgur is used. It is con-
venient to emphasis the group structure of Eq. (4.2):
namely,

C, =6&~k
2mqg

2 —— ( %f l exp(ikz(3) )P'+'
l
%'; ),

g

(4.4d)

HNR =q' ( A„L+ +B„S+) .

Hso=q' '(B,S++C,S,L+ ),
H „=q'"(B„oS",-" C„P,—" "L,)-,

(4.3a)

(4.3b)

(4.3c)

B„,=&rrk

C„,=&a.k

(, Pf l exp( ikzI 2) )P,
P7qg

( qlf
l exp( ikz(1) )P '+"

l +, ) .
mqg

(4.4e)

(4.4Q

where In Table I, we show the contribution of the spin-orbit

TABLE II. Photon-decay amplitudes between [56,0 ]0 and excited 70 basis states for nonadditive terms in naive SU(6) model. p
and A, denote the permutation symmetry of the wave function in final states. Explicit forms for the various B, C are in Table IV.

States N

N(2PM) -'

BI'

—1
9

Br

N('PM) -',
-2
9

N(4PM) -'

N('PM) -',

N('PM) -',

&('PM) -'

A( PM)2

N(2SM) -'

p, n

p, n

1
18~2

1
18~2

1
18~10

18' 10
—1

6~10
—1

6~10

1
6W6
—1

6~6
1

6~30
—1

ev 30
—1

2~30
1

2~30
—1

3~3

3~3

—1
36
—1
36
—1

9~5
—1

9~5
—1

6~20
—1

6~20

—1
6

—1
12~3

1
i2~S
—1

3~15
1

3~15
—1

2~eO
1

2~eO

1
s~e

1
6~3

1
2~30

1
2v 3O

—1
6~5
—1

6~5

1
2~10
—1

2V 10
—1

2~15
1

2~15

—1
6~15
—1

6V 15
—1

6~10
—1

6~10

1
2~3

—1
6~5

1
6~5
—1

2~aO
1

2~30

—1
6

N( SM) 2
—1

e~e
—1

e~e

—1
6~2

1
e~r

—1
e~r
—1

e~a

—1
2~v

1
2~e



42 PHOTO- AND ELECTROPRODUCTION OF N IN A QUARK MODEL 2201

term to photoproduction amplitudes in terms of B, and

C, . The phase convention of Koniuk and Isgur is used
here, so the contribution of the nonrelativistic term in
Eq. (4.3a) can be found in Ref. 5. In Tables II and III, we
show the contribution of the nonadditive term for 70 and
56 multiplets. Notice that for the different SU(6) multi-
plets, the expressions for the quantities in Eq. (4.4) are
different (see Table IV).

Table I shows that there are interesting constraints im-
plied among some of the amplitudes which are rather
general and independent of the binding potential or
choice of parameters. First we note that for nonrelativis-
tic, spin-orbit and nonadditive terms with arbitrary
strengths one has

D,5(1680):A3/2 =&2A", /2 . (4.5)

Data are consistent with this at q =0; if SU(6) symmetry
applies for large q %0 then this relationship should hold
for all q . Second, in the harmonic-oscillator basis, if the
g factor is chosen to be unity, the relation

D,3(1520)( 8):A(/2 ——A 3/2 (4.6)

familiar in the nonrelativistic models (pp. 146 and 147 of
Ref. 1), but violated by the additiue spin-orbit terms, is
recovered when the nonadditive terms of Eq. (4.2) are in-
cluded.

These results are frame independent, so these relations
determined by SU(6) symmetry can directly test the mod-
el. In Table IV we see that the terms B depend explicitly
upon recoil effects and hence their strengths relative to
the C (and A) terms are thus frame dependent. The most
pleasing symmetry among these expressions occurs in the
Breit frame where the recoil effects vanish resulting in
simple relations. In particular, in the Breit frame the

contributions of the nonadditive terms to the neutron in
8 of the [70,1 ]~ resonant states and to the b, resonances

of [70, 1 ], are all zero. Thus in other frames the nonad-
ditive terms contribute to these particular excitations
only through recoil effects.

V. COMPARISON WITH EXPERIMENT

The calculation of the photoproduction amplitudes is
straightforward. In Tables V and VI, the calculation is
made in the c.m. frame with the parameters of Koniuk
and Isgur. ' In order to show the frame dependence of the
numerical results, we made similar calculations in the
Breit frame, the results being shown in Table VII, where
the parameters given by Foster and Hughes' are used.
Comparing results in Table VII with those in Tables V
and VI reveals that there is no significant change, giving
a measure of "theoretical systematic uncertainty" of the
model.

We have neglected QCD mixing effects in this paper.
Modulo this we confirm the nonrelativistic results given
by Koniuk and Isgur; the results of Kubota and Ohta
incorporating Hso are also confirmed but for their failure
to include the recoil term. Given our confirmation of the
existing nonrelativistic and incomplete relativistic matrix
elements in the literature, our Table V shows the full im-
pact of the relativistic treatment for electromagnetic
transitions in the constituent quark model.

When we began this investigation we expected that the
successes of the NRCQM would break down and its
significance thereby be questioned. Somewhat to our
surprise we find that not only do its successes survive, but
there are even some improvements. One of these may be
particularly significant, namely, the small amplitudes for
excitations of P»(1705). Koniuk and Isgur found bad
agreement for this state; Kubota and Ohta appear to

TABLE III. Photon-decay amplitudes between [56,0 ]o and excited 56 basis states for nonadditive terms in naive SU(6) model. S
denotes the permutation symmetry of the wave function in final states. The various 8, C are in Table IV.

States Apa Atl

N(2D )
3+

N(2D )
s+

~(4D )
1+

~(4D )3+

~(4D )
5+

av/5

—1

2~15
1

3~10
—1

3~10
—1

V'210
Js
5&v

+105

gS

1
~30
—JK
vaS

1

gS
—1

s~s
1

3~5

—1
3~5

1
3~VO

av/V

gS

3~5
1

2~15

1
2~15

1
2vt1 0

gS gS
1

s~s
—1

3~5

~(4S )
3+

1
3~2

1
~5

1
~s
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have a good agreement but this is spurious due to their
neglect of the recoil contribution. Barnes and Close sug-
gested that the small (proton) amplitudes would be natu-
ral if this were a hybrid state, citing this as a significant
failure of the NRCQM. However, we see (Table V) that
inclusion of the relativistic contributions improves the
situation (but note that we have ignored any [70,2+]2
mixture, in contrast with Ref. 5).

Photoproduction data are therefore inconclusive as to
the hybrid or QQQ constitutions of this state. If we be-
lieve SU(6) symmetry, the calculation by Barnes and
Close implies that the electroproduction amplitudes for
proton hybrid resonance P&& will always be zero, while it
is not the case for a QQQ baryon resonance. Phenomeno-
logical consequences of this have not yet been studied in
detail.

VI. LONG-WAVKLKNGTH APPROXIMATION
AND KLKCTROPRODUCTION

Our calculation has concentrated on photoproduction.
For (transverse) electroproduction the expressions in the
tables can be formally taken over, with k suitably
modified in magnitude, but some technical problems arise
in their application. These problems appear, in particu-
lar, in the calculation by Foster and Hughes' who use a
form factor which is outside of the model and fitted to
the experimental data. The question is how far can we
extend our result of photoproduction to electroproduc-
tion and maintain theoretical consistency?

The nonrelativistic quark model has used for H, Eq.
(4.2a), and the relativistic corrections to it have to date
been limited to Eq. (4.2b). In our work we have adopted

TABLE IV. The expressions of the coefficients in Tables I—III in harmonic-oscillator basis.

Multiplet

[7o, 1-],

Expression

B = ~3pgnk ~ (2 —1)[l+ 1 (P2 —P,2)]e 6~'

—k2
C = ~6pgxk (2 —-')e~ &

[56, 2+]2

1 2 2B~ = 2pgxk [1—
1B
3 2- —'

C~ = —~C2~,
CA 1C u

3 2——'

B = s2p/nk " (2 —-')[1+, ', (P~2 —P,2)]e6 ~

—k2
C = pQxk " (2 —-')e ~ ~

FAq g

BS 1
3 Qnk ~ [1 — 1, (p~2 —p2)]e 6 ~

[56, o+],

[56, o+].

CS 1C u
3 2- —'

—k2
B = —' pQrrk " (2 ——')[1+, ', (P~2 —P2)]e 6 ~

—k2Bs 1 pgrrk k [1 1 (P2 P2)]e 6~~
fAq g

—kB = -~~ ' (2 —-')(Pf —P )"-'
—k2BS 1 1 (P2 p2)

[70, 0+]2 B = —1 pgn. k(2 —1)[1+ 21, (P~~ —P,2)]e 6-&

k2
B~ = 1p/hark ~, (P~~ ——P,2)e 6 '

k2B"= — 1 pQn. k ~ [1+ s', (Pg —P,2)]e 6-&
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TABLE V. Photon-decay amplitudes between [56,0+]0 and excited 70 basis states (theory vs experi-
ment) in c.m. frame. The experimental data are given by the most recent Particle Data Group (Ref. 20).
A " is the nonrelativistic results from Eqs. (4.2a) and (4.3a). This column essentially agrees with those
of Ref. 5 except insofar as QCD mixing effects have not been included in this work. A shows the
contribution from additive spin-orbit contributions [Eqs. (4.2b) and (4.3b)]. These agree with Ref. 6 ex-
cept for their neglect of recoil (see text). A " show the nonadditive spin orbit. The sum of A " and
A is the true measure of the relativistic correction and hence to be considered together; A is the to-
tal contribution. Comparing A and A "shows the relative importance of relativistic effects.

Multiplet States

[70,1 ], Sl i(1535)

D]3 ( 1520)

S11(1700)

D13 (1700)

D15 ( 1675 )

S31(1620)
D33(1675)

[70,0+]2 P„(17 0)5

A ~1/2

A 1/2

A 1/2

~(,z

A /2

A1/2
A 1/2

A 1/2

A 1/2

~ (/2
A 3/2
A 1/2

A 1/2

A ~'"
1/2

AP, n
1/2

A $i",

A

A 1/2

ANR

174
—128
—20
—43

131
—131

0
28
0

—13
0

—66
0

—37
0

—52
68

100
104

—40
13

A so

—66
22
15

—6
46

—15
0

—21
0

26
0

38
0

—5

0
—7
22

—3
—26

26
—9

A NA

55
0

—25
0

—31
0

25
3

—27
—1

—47
—8

0
—5

0
—7

19
—29

0
—4

0

163
—106
—30
—49

146
—146

25
10

—27
12

—47
—36

0
—47

0
—66

109
68
78

—18
4

A expt

73+14
—76+32
—22+10
—65+13
167+10

—144+14
48+16

—17+37
—22+12

0+56
0+19

—2+44
19+12

—47+23
19+12

—69+19
19+16

116+17
77+28
5+16

—5+23

TABLE VI. Photon-decay amplitudes between [56,0+]0 and excited 56 basis states (theory vs experi-
ment) in c.m. frame. The experimental data are given by the most recent Particle Data Group (Ref. 20).
For significance of A N ' 'N"'T, see Table V.

Multiplet states

[56 2+ ]2 Pig(1720)

F15(1680)

P3, (1910)
P33 (1920)

F3q (1905)

F3,(1950)

[56,0+]2 PI i(1470)

P33 (1600)

[56,0+ ]0 P„(1232 )

A 1/2

A 1/2

A$„

A 1/2

A n

A 3/2

A p, n
1/2

A~"
1/2

A p, n
1/2

A(i2
A ~'n

1/2

A (z"z

A 1/2

A 1'/2

ANR

—113
32
38
0
0

36
76
0

—21
—21

36
—14
—60
—36
—48

26
—18
—22
—38

—101
—173

65
—43

17
—11

18
—11

33
—22

24
12

—47
32
41

—5
—6

—28
19
17
30

—6
—11

ANA

—27
27

—6
6

—12
12

—11
11

—22
—11

32
—19
—34
—6

—11
12

—12
—10
—17
—6

—11

—76
16
49

—5

6
37
98

—11
—19
—20

21
—1

—53
—47
—65

10
—11
—15
—25

—113
—195

A expt

52+39
—2+26

—35+24
—43+94
—17+10

31+13
127+12

—30+ 14
—12+30

43+?
23+?
27+13

—47+19
—73+14
—90+ 13
—69+39

37+ 19
—22+29

1+22
—141+5
—258+19
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TABLE VII. Photon-decay amplitudes between [56,0+ ]o and

excited basis states in the Breit frame.

Multiplet states

[70,1 ], S„(15351
D]3( 1520)
S, l (1700)
D, 3 (1700)
D „{1675)
S3](1620)
D33 (1700)

[56,2 ], P„(1720)
F])(1680)
P3] (1910)
P„(1920)
F35(1905)
F37{1950)

[56,0+ ]2 Pi i (1470)
[56,0+ ]ii P33(1232)
[70,0+ ]2 P I i (1705)

151
—28

27
—31

0
85
90

—95
4

—5
—18
—2

—46
8

—110
—19

143

—53
0

76
52

105

17
—33
—59

—190

—98
—46

5

16
—42

13
37

—10

~ 3/2

—143

—21
—60

—7
—14

O
1.0—

0.5-

0.0
0.0 0.4 0.8

Q2

1.2 1.6

FIG. 1. The relation g' (ratio) with virtual-photon mass Q'
for three different final states in the Breit frame. A similar re-

sult is obtained in the c.m. frame.

this formalism and completed it with the necessary
nonadditive contributions Eq. (4.2c). However, our
derivation of H, in Sec. II shows that in general it has a
complicated form with an explicit appearance of the
binding potentials Eq. (2.5). McClary and Byers' have
shown that, to the order I /m employed here, this H,
reduces to Eq. (2.13), and equivalently to our Eq. (4.2),
only to the extent that the long-wavelength approxima-
tion is valid. If this approximation fails then the H, at
Eq. (4.2) and all results following from it, will be incon-
sistent.

Comparison of the results with the two H, [Eqs.
(2.13) and (4.1)] shows that the criterion for the long-
wavelength approximation is that we can expand the
common factor exp( —k /6a ) to the order of k: that is,

k k~
exp — =1-

6a 6a
(6.1)

Let g be a factor defined as

k1—
6a

k
exp

6a

(6.2)

then if the long-wavelength approximation is a good ap-
proxirnation, g should be close to unity.

We stress that the literature, Refs. 2-7, 13, and 14 and
this paper, are using a H, [Eq. (4.1)] which is an approx-
imation valid only if g=1. Essentially, if H, is used to
order (v/c) then it is only consistent to expand the ex-
ponential to (k/a) . We show the relation between g
and virtual-photon mass in Fig. 1 for three different final
states in the Breit frame. From this calculation, we can
see that for small q, the value of q is indeed very close to
unity, but deviates very quickly with the increasing of q .
This implies that the long-wavelength approximation
breaks down in electroproduction and the model's validi-
ty becomes dubious. To confront large q for individual

amplitudes requires more sophisticated approaches,
higher-order terms in Eq. (6.1) as in the nonrelativistic
Hamiltonian and also detailed evaluation of the role of
gluon dynamics. These go far beyond this paper and
highlight the limited application of the model, something
that seems not to have been addressed much in the litera-
ture.

However one may still be able to make predictions for
the ratios of helicity amplitudes with q where many of
the uncertainties may cancel out. For example, we find
that with increasing q the dramatic change in helicity
structure for D,3(1520) and F»(1680), predicted in the
NRCQM (Ref. 7) survives with retnarkable accuracy un-
der the relativistic extension as shown in Fig. 2.

VII. CONCLUSION AND DISCUSSION

We confirm the results of Koniuk and Isgur in the
c.m. frame with HNz in the limit of ignoring QCD
configuration mixing. We also confirm the effect of in-

cluding Hso as studied by Kubota and Ohta except for
their neglect of recoil effects. It is necessary to include
these and also HNA in a complete treatment [to O(v/c) ]
since these terms have a clear physical origin related to
spin rotation in transforming between the quark and
baryon rest frame.

We find that in most cases these relativistic effects do
not distort the nonrelativistic, unmixed results of Koniuk
and Isgur and it is for this reason that nonrelativistic
models appear to be so successful. There are some cases
where the relativistic corrections, in particular the
nonadditive terms, give potentially measurable deviations
from the nonrelativistic results. Eventually, one may
hope that such deviations may provide a challenge to ex-
periment, namely, to test for their presence or absence by
precision data that can distinguish relativistic effects
from nonrelativistic results.

However, our calculations are not yet mature enough
to warrant such faith. Isgur, Karl and Koniuk, ' ' in the
nonrelativistic framework, noted there are contributions
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c.m. Frame
R
Brelt Frame - - —-

ome

rome -- —-

0.0
I

0.5
I I I

1.0 1.5 2,0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

FIG. 2. The helicity structure A defined as A =(A ~/2 A3/2)/(A]/2+ A3/p) for a~3(1520) (left) and F&z(1680) (right) in c.m.
frame (solid line), in Breit frame (dotted line) and the nonrelativistic prediction (Ref. 7) (dotted-dashed line) in c.m. frame.

due to QCD-induced mixing in the wave function. We
have not yet included these into our study preferring first
to evaluate the stability of the nonrelativistic model to
relativistic corrections in H, . The result that these
effects do not destroy the NRCQM is a mixed blessing.
It adds credibility to the model for q =0 but raises
doubts about its extension to q %0 (see also Ref. 12
which has investigated relativistic effects and extended to
q WO. They plot cross sections for direct confrontation
with data rather than break them down into helicity am-
plitudes, but insofar as we can tell their results and ours
seem to agree for q =0. The validity of the q %0 work
may be subject to the concerns outlined here, but requires
more study). Ratios of amplitudes as a function of q
may be within the application of the present approxima-
tions. Indeed it is interesting to note that with increasing

q the dramatic change in helicity structure for
D»(1520) and F»(1680), predicted in the NRCQM sur-
vives with remarkable accuracy under the relativistic ex-
tension as shown in Fig. 2.

Furthermore the results imply that for light-quark sys-
tems, the relativistic effects tend to be comparable in
some cases to QCD induced effects and so studies of
HQCD mixings which ignore H„,~

are presently incom-
plete. The contributions of H„~ tend to improve the
agreement between model and data but the sign of the
Roper resonance excitation amplitudes, a classical prob-
lem, is incorrect. This sign is correctly described when
QCD mixing is taken into account, ' there being a sensi-
tive cancellation between two contributions in the mixed
wave function, and as such highlights the need for mix-

ings such as provided by QCD.
In a separate paper we combine the HQCD and H„~

contributions. We find the phenomenological successes
of each separately combine "constructively, " improving
the overall fit to data. The successful sign of the Roper
excitation amplitudes that arises in HQcD is preserved
and the magnitude improved when H„~ is included. Fi-
nally, and perhaps most significant, we find that both
spectroscopy and electromagnetic transition amplitudes
are simultaneously described by a single set of parameters
(contrast the present literature where spectroscopy' and
transitions are separately confronted with different
values for the oscillator strength parameter).

The q dependence of QCD mixing effects will in gen-
eral differ from that of relativistic effects and so, in prin-
ciple, may help to distinguish them. However, this in
turn requires better modeling for extending to q WO and
eventually comparing with the predictions of perturba-
tive QCD (e.g. , Ref. 21).
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