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Electromagnetic interactions of hadrons in the relativistic harmonic-oscillator quark model
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Various electromagnetic properties of hadrons are investigated systematically by applying many possible

types of "minimal currents" in the framework of the relativistic harmonic oscillator (H.O.) which are
conserved in the symmetric limit. As a result it is shown that a general minimal current in the SU(6)M
scheme [minimally boosted SU(6)] with definite-metric H.O. reproduces satisfactorily experimental behaviors

of almost all hadron electromagnetic (EM) properties: EM form factors of nucleons and pions (including
nonvanishing electric form factor of the neutron), magnetic and transition moments of ground-state mesons
and baryons, and helicity couplings of photon and baryon resonances. Other types of currents, a vector-
meson-dominant one and a general minimal one in the U(12), scheme with shell-type definite-metric H.O.,
are also interesting in giving similar desirable behaviors with some exceptions.

I. INTRODUCTION

The success of the nonrelativistic harmonic-
oscillator (H. O. ) quark model is now widely ac-
cepted as the SU(6) 80(3) scheme. ' It seems to
us that, as a relativistic generalization of it, the
U(12) 80(3, 1) scheme or the SU(6)„80(3,1.)
scheme is most promising. The U(12) 80(3, 1)
scheme' 4 was first used independently by Feyn-
man, Kislinger, and Ravndal' (in their famous
work) and by uss (in our attempt for a unified
theory of hadrons), where the Pauli spinor for the
SU(6) space is replaced by the Dirac spinor [U(12)],
and the three-dimensional harmonic oscillator for
the 0(3) space is extended to the four-dimensional
H.O. for the internal Lorentz space [0(3, 1)].
Another scheme, the SU(6)„80(3, 1) scheme
[whose original intuitive form was proposed by
Fujimura, Kobayashi, and Namiki prior to the
U(12) 80(3, 1) scheme and later formulated rigor-
ously by Matsuda, Namiki, and one (S.I.) of the
present authors'], is also interesting; where the
nonrelativistic SU(6) wave functions are extended
to the covariant SU(6)„[minimally boosted SU(6)]
ones with a minimal number of components, and
there appear no such extra form factors of nu-
cleons and pions as occurred due to boosting in the
U(12) case. In this line of approaches each of the
two parts, SU(6) and 0(3), of the SU(6)80(3)
scheme is separately boosted and it may be called
the boosted SU(6) 80(3) scheme or the boosted
I.-S coupling scheme. This may be rather con-
trasting with conventional relativistic schemes'
based on the bound-state picture of compositeness
which naturally leads to a j-j coupling pattern for
the hadron level scheme.

The generalization of the three-dimensional H. O.

to the four-dimensional one has a rather long
history, and there are two typical kinds, indefin-
ite- or definite-metric H. O. , depending upon their
treatment of relative time freedom. There is
also some difference in treatment of quark coor-
dinates between the conventional one and the one
in the scheme of Ref. 3 (where is shown clearly
a unified character of mesons and baryons), and
they shall be called the B coordinate (bound-state
coordinate) and the S coordinate (shell coordinate),
respectively. Thus there are many variants of
relativistic H. O. quark model in the framework of
boosted SU(6) 8 0(3) scheme depending upon their
choices on the above various points.

Many efforts have been done in applying these
respective models to electromagnetic interactions
of hadrons. In this paper we shall investigate
8ysterplati cally various electromagnetic properties
of ground and excited hadrons in these models
comparing their results. For completeness some
essential results of previous works are also
briefly recapitulated in appropriate places. In
this paper there are two improved or new points:
First, we apply the most-geneva/ form of minimal
currents, ' which is conserved' " in the symmetri-
cal limit so far as hadron masses are given by the
H. O. , while usually only a special form of it is
considered. Second, we also consider a conserved
(in the same limit) vector-meson-dominant (VMD)
current, while our previous VMD current" lacked
a proper consideration on conservation.

II. CONSERVED CURRENTS IN THE RELATIVISTIC
QUARK MODEL

A. Relativistic quark model

First we recapitulate briefly the framework of
our relativistic quark model (RQM). In our scheme
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48(»„(x;$j}) mesons,

c'(j)~ ~ ~ (x' &j4&3}
(lb)

where x is a center-of-mass coordinate of had-
P

hadrons are described' by appropriate multilocal
fields in the boosted SU(6} O(3) space, which play
the role of wave functions in'the usual approach
and are, at the same time, second-quantized as
Q-number fields. In this paper we shall call them
simply wave functions. They may be (in the case
of 8 coordinates} also regarded as the Bethe-
Salpeter amplitudes in the conventional color-
quark model.

In the 8-coordinate RQM, which is natural from
the usual bound-state picture of compositeness,
the wave functions are described for (nonexotic)
hadrons as

C s&»„{x„x,) mesons,
(1a)

4(p)g p g (xj xa x3) baryons

where x, 's represent Lorentz four-vectors repre-
senting space-time coordinates of "constituents, "
A -=(n, a) [jj=(1,2, 3) for flavors, a =(1,2, 3, 4) and

(1,2}, respectively, for Dirac spinor in the U(12)
scheme and Pauli spinor in the SU(6)„(Ref. 6)
scheme], and the suffix P = (1,2) is for the p-ma-
trix space needed only in the SU(6)„scheme.

In the S-coordinate RQM, which appeared in the
scheme of Ref. 3, the wave functions are given as

rons and $, jl, and $ j's are Lorentz vectors repre-
senting internal coordinates of the "constituent" mea-
sured from the center-of -mass point. Here the ex-
ternal coordinate x~ is, from thebeginning, setinde-
pendently of the internal coordinates, and its
meaning as center-of-mass coordinate is achieved
only in the form of expectation value in the inter-
nal space as

($ +g) =(8/8$ +8/Bq) =0 mesons,

8 8
&

=0 baryons

by imposing some appropriate subsidiary condi-
tions. ' This kinematical independence of g, etc. ,
from x greatly facilitates calculations inthis scheme
and makes clear a unified character of hadrons.

B. Minimal currents

A prescription to get conserved "minimal" elec-
tromagnetic currents in the relativistic H. O.
quark model was first given by Feynman et al. ,

'
and now it has been developed in various re-
spects. ' " Here, following our prescription'
given previously, we derive, as a simple example,
the most general form of minimal baryon currents
in the case" of $-coordinate H.O. in the U(12)

O(3, 1) scheme. The most general Lagrangian
density J in this case, which leads to a Klein-
Gordon equation with the H. Q. mass term, is
given by

Bxjj Bxjj 2 j 8)jjj 8 jjj j 8 jjj . 8

where y~'~'s are Dirac matrices for the ith "con-
stituent. " Here X, jj, fz, f„, and $0 are constant
parameters which satisfy (without loss of gen-
erality) a restriction

fs+f~= 1 . (3b)

From the Lagrangian density (3) we derive the
Euler equation

8 X 82+ — — 2+jj (j„+$0
I.

xe(x; [,[,~,) =0. (4)

Thus the slope parameter of orbital Begge tra-
jectory z' is given by

CO
—= XK.

Now, substituting "covariant derivatives" for
usual derivatives in the free 1'. (3), we get a mini-
mal interaction with electromagnetic field A„(x) as

Lj = — dxp[dgj Q jjq(x; t', t', $~)Aq(x+$j), (6s)

where explicit expressions of "multilocal current

l

densities" j,„'s are given (up to the first order
coupling) in Table I. In the conventional case of
B coordinates the interaction takes the form

'„,dx, Z, j,„(x„x„x,)A„(x,). (6b)

C, Vector-mesonMominant currents

The electromagnetic (EM) interactions given
above are, so the speak, the ones for "bare com-

In Table I all explicit forms of these multilocal
current densities for mesons and baryons in the
various RQM's, which are obtained similarly as
above, are collected. In the following, to dis-
criminate these various types of minimal currents,
we shall use the notation as 8 (S) D (I) U (I),
which means bound-state- (shell-) type coordin-
ates, definite- (indefinite-) metric H. O. and U(12)
(SU(6)„}boosting, respectively; for example,
BDU current means a minimal current in the case
of 8-type coordinate definite-metric H. Q. in the
U(12) S O(3, 1) scheme.
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TABLE I. Minimal current densities.

Baryon

S coordinate

B coordinate

8 A~&- . 8 A~&- . 8 . - 8 8
2 8( p

2 8$ ~
" 8( 8(

3@x~ —3"%~ +~&
PV

+ Ca
tP tV tV ~

Meson

S coordinate

B coordinate

8 A~. 8 A~,
' 8, &f&

5 8
8 ~ 2 Bt~ 2 8(~ " 8$ Bt

8 Af~ . & ~ffs , (2)r
j2q =C'g(-Q ~) -i—— 'i — ~

8
—~0'P

8
+

8
, Bx„2 8' 2 8' V ~V

~0

(0 8 8 (1)
Jgp =4'gQ —cL —.2vgEg, —2pggg, +jg~ +

P X f/ I tP $V

-~&p.(2)r 8 8 8 (2) r
+2/ 2p

Restrictions on parameters

S coordinate

B coordinate

fz+f~ =1

gE gM 1 c+v=1
~ =(n') ~=1.10 GeV2

with
.v {z)+~ (z)
fp fp

gI (P P;(, ~ ~ ) =CsC(P;(, ~ ~ )

x (p +p)„—i
2 e(p; $, ~ .),8

2 84„.

(8a)

(8b)

posite systems" and contain no effects due to
strong interactions. So they are not applicable,
for example, to problems concerned with a time-
like photon where the effects of vector mesons
play an essential role. For many years, on the
other hand, we have stressed" the importance of
vector-meson effects on the EM properties of
composite hadrons. Especially, we have shown"
that a VMD current in the SDU scheme [where a
coupling between nucleons and vector mesons is
derived by applying the SU(6) symmetry heuris-
tically] reproduces the experimental EM proper-
ties of nucleons quite well. However, this current
has an unpleasant feature that it gives" no con-
tribution to electric radiative decay amplitudes of
excited hadrons.

Now we shall propose a semiphenomenological
VMD current which has no such difficulty and

preserves essentially the interesting results of
nucleon properties. We suppose that inter actions
of baryons with an external vector meson V„ in the
shell-type U(12)II 0(8, 1) scheme are given by

3

L fix 4 ) g p xj g Q 3 Vp x
f=a

x e»„„' (p'+p)@y&'y, "
m~

xC(p $ ~ ) (8c)

where the expressions for jf„ is given, for con-
venience, in the momentum space, m~ is a mass
of relevant vector meson, and we assume the
Okubo-Zweig-Iizuka rule for the flavor degree of
freedom. To get a whole EM current we introduce
a factor m„'/(m„'+q') (q' =four-momentum square
of photon) into (8). The two parameters Cs and C„
in (8) are fixed by charge and magnetic moment
of proton, respectively. This current (8) is
identical to our previous one except for an addition
of the second term in (8b), which is concerned es-
sentially with excited hadrons, and we expect that
they preserve the good properties concerning
ground hadrons. It is notable that our electric
current (8b) is conserved in the symmetric limit
(since it is essentially a minimal current), while
the magnetic current is strictly conserved as is
easily seen from (8c). This type of current is de-
noted as the VD1 type in the following. We can
also obtain the other various conserved (in the
symmetric limit) VMD currents by adding a fac-
tor mv'/(mv'+q') to the currents in Table L
These EM currents may be interpreted to include
effects of both direct photon coupling and in-
direct photon coupling through vector mesons. In
this work we shall treat this type of "vector-
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meson-dominant minimal" current only in the
case of BIM type with the normal ordering (see
Sec. III) and denote it as the VD2 type.

Finally, in this section we add a general re-
mark. Strictly our currents may be significant
only in the symmetric limit, where their conser-
vation is guaranteed. However, in actual applica-
tion to physical world in case of a broken symme-
try kinematical effects should be properly taken
into account, of which procedure is somewhat
ambiguous. We have made this generally as
follows: Our effective interactions (after the
integrals on internal variables being carried out)
in the symmetric limit can be reduced, aside
from some factors, to corresponding simple local
interactions among usual particle fields. In these
"local parts" of interactionq all fields are regarded
as physical with real masses. In the following
applications this ease is denoted as the symmetric
mass case. For comparison we have also ex-
amined the case of real masses, where all parts
of our interactions are treated as physical with
real masses.

III. APPLICATIONS TO GROUND-STATE HADRONS

In this section we shall investigate the EM prop-
erties of ground-state hadrons by applying the
interactions derived in Sec. II, comparing our
various models. From the multilocal current den-
sities given in Table I, following the usual tech-
niques in our scheme (which is essentially equiva-
lent to the ordinary composite-model calculation)

with aids of tables" in our previous works, we
can derive unifiedly the effective currents J„(q)
for respective process, which are directly rela-
ted with our relevant physical quantities.

A. Nucleon form factors and various models

[ (P') (P)j' 1, q' f„U(12)
u(P')u(P) 4m'

u(P')u(P)
Su= (,) ( )

=1 for SU(6)u,

(9a)

(9b)

where u(P) [u(P')] represents an initial [final]
Dirac spinor with the four-momentum P„[P'„]. In
(9) the factor in the denominator comes from the
Dirac spinor for nucleon as a whole, while the
power 3 [1]of uu in the numerator reflects a fact
that the space of p matrix is introduced to each
constituent (only a whole nucleon) in the U(12)
[SU(6)„]scheme.

Definite- or indefinite-metric, and S- or B-
coordinate H. O. The internal overlapping inte-
grals between initial and final H. Q. wave functions
contribute the factors to the FF, respectively, as

The expressions of nucleon electromagnetic
form factors (EMFF) thus obtained are collected
in Table II. First we explain characteristic fea-
tures and relations among respective models taking
this example of the FF.

SU(6)„or U(22). The boosted spin wave functions
contribute the extra factors to the FF, respective-
ly, as

1+, exp —— .. . for 9 coordinates, definite metric,

= exp ——q' for S coordinates indefinite metricSE 4v 9

(10a)

(10b)

F» = 1+2, exp —— . ,2, , for 8 coordinates, definite metric,

F~~ =exp ——q' for 8 coordinates, indefinite metric.

(1la)

(1lb)

In the indefinite-metric case the exponentially
damping [with regards to q'; q„= (P —P)„]factors
lead, similarly as in the nonrelativistic case, to
an obvious contradiction to experiments; while
in the definite metric case these factors decrease
slowly in comformity with experiments, and this
is known as representing a "Lorentz-contraction
effect"'6 of the internal extension. The numbers
of negative powers 3 and 2 [(10a) and (lla)] re-
flect the numbers of independent (four-dimensional)

1
xexp

&2 q&a„ (12a)

H.O. in the respective cases.
Indefinite-metric II.O. svith normal ordering.

The exponential factors in (10) and (11) come from
"expectation val, ues" of the term, for example in
the 5-coordinate H.O.

e ' =exp ——q' exp — q at
I

-kq f 1
4a v'2w " "]
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TABLE II. Nucleon form factors G.

G ~ (q ) " for q2
n

U(12} SU(6}N

8 coordinate

Af q A~f q q q 1+q /4m, U (12)
E 2 q 2+2m 2 2 q 2+2m2 q 2+4m 2 4m2 sD 1, SU(6)N

Af~ 1+q /4m, U(12)N-
2 sD" 1 SU

0, U(12)

SU(6)N

B coordinate
/

+ Eq2+2m2 + N q2+2m2 2 q2+4m& +4m2»" 1, SU(6)N

1+q /4m2, U(12)
BD 1 SU (6) N 3 N

3vgN q'/6m', SU(6)„

0

(1

1

2)

UD1

2 212 m2
4m2 i 2+m 2 sD

2 2 2

&P 1 2 2 2 +SD~ ~N- —~~NP— mv n 2 P
4m q +m~

2 2 m 2
G =~i-3~" '+4~' 4m' '+m '

m 2

N 3~N 2 2~ N 3 N
+my

2 m 2
gn 3g q V

E N 6m2 q2+m 2

q2 3 ] q2"' = "2m2 'p -4 1+( 2/2m2)

-( 2-2
XP —

2/ 2, q )

a„and a~ are oscillator variables, "which reflects
the physical situation that EM fields interact with
the nucleon through the constituents being at some
distance from its center ot' mass [see (6)]. This
factor, as it is, led to the exponential decrease in
the indefinite-metric case as in (10b) and (lib).
However, if we take its normal product" concern-
ing the internal oscillator variables, again in the
example of 8-coordinate H. O.

:e-' ':=exp
K2

q'vav exp ~2 qpap, 12b/2' v'2e

the factors (10b) and (lib) become

&Si=&Bl= & ~ (13)
and there is no exponentially damping factor. In
this paper we shall adopt this normal ordering
always with the indefinite-metric H. Q. Here we
note that this prescription preserves the con-
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serving character of our currents and it gives no
effects on real-photon processes.

9. EM form factors of nucleons and pions

&n Table H (IH) we collect the results for nu-
cleon (pion) form factors in the respective models.
Experimentally, " it is well known that nucleon
form factors (G~„z, G"„) obey the scaling law and
show the dipole-like asymptotic behavior [=1/
(1+q'/0. 71)'], while pion form factor does the.
simple pole-like one (=1/[1+q'/(0. 671)']).
this respect it is interesting that the BDM case
with a sPecial Feynrnan-Ei slinger-Aavndal
(FKR) choice of parameters shows' all of these
asymptotic behaviors, while with a general choice
the behaviors for G~s and for F" (in the second
formulation" ) are somewhat different from them.
So we can naturally expect good results in the
general BDM case. The SDU case [VDl case]
shows also the desirable asymptotic behaviors

except for G~s [F']with the behavior of (q') ' [(q') '].
The status of comparison'0 of our theory with ex-
periments is shown in the following four figures.

First, in Fig. 1 the status for magnetic FF's
of the nucleon is shown for the cases of (1) BDM,
(2) SDU, (3) VDl, (4) BDU, (5) VD2, of which all
satisfy the scaling law. The cases of (1), (2),
and (3) [having the desirable asymptotic behavior
~ (q') '] and of (4) [~(q') '] show good fitting for a
reasonable range of respective parameters. The
fitting of (5) (which is theoretically interesting,
see Sec. V) seems not so bad, although it has the
(q') ' behavior. The cases of BIM and BIU(which
are" good for radiative decays of baryon reso-
nances, see Sec. 1V) are not shown there, since
they seem completely wrong, having the asymp-
totic behavior of (q')' and (q')", respectively.

Second, the status of deviations from the scaling
law of our proton electric FF in comparison with
experiments" is shown in Fig. 2 for the above

!

TABLE gI. Pion form factor E~.

S coordinate

E~fx: (q2)~ for q2

n

1+ VP. q + fM

qZ+2m 2

2
q

2

q +2m q~+ 4m

2

q +2m

2

q +2m

1 EgD

2

2m2

U(12)

SU(6)~I

SU(6)~II

J3 coordinate

2

E = 1+@@ 2 2
7r- q

q +2m

qz +2m z qz +4m2

2

+2m

q
2

q +2m

4m'

1 Egg)

2

2mz

U(12)

SU(6) I

SU(6)„II

0 =1
FKR

0 -1
FKR

VD1

m'A, q
I

q mp
z +2m 2 'I 4m' qz +m z sDm, q

U(12)

VD2

0
1 +0 +2%~

2m2

2
mp

q +m
P

SU(6)gI

SU(6)~II

E&&= 1 2 expl~ —' —
( z&2 2)- 2

= (q )

1E =1, p-g 1 ( r2 )
— (q)
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(1&B 0 M (2)g 0 U

0.5 0.5

2.Q

q[(GeV/c) ]

1.0 2.0

q[(GeVlc) ]

w~ 1.0

(3)VD i (4&a Du

0-5 0.5

1.0 2.Q

q[(GeV(c) ]
2.0
2 2,

q[(GeWc) ]

(5) VD 2

0.5

0 1 0 20
q[(GeVlc) ]

FIG. 1. Magnetic form factor of nucleon; theory (solid line) and experiment [dashed line =1/{1+@/0. 71) ]. All
cases (1) to (5) satisfy the scaling law G~z~ G~z. The cases (1) to (3) [~ (q2) ~ for (q ) ~] and the case (4) [~(q2) i]
show a good fitting for a reasonable range of parameters. The fitting of the case (5) P (q2) ~] with no parameter seems
not so bad.

five good cases. From this we see that (i) the
cases (1) to (4) are not inconsistent with experi-
ments for a proper region of respective param-
eters, and (ii) the case of (5) seems somewhat
wrong, although this is not definite because of the
exper imental status.

Third, concerning the neutron electric FF, it is
interesting that the SU(6)„scheme gives' non-
vanishing values for it, while it vanishes in all of
the U(12) cases as well as in the usual nonrela-
tivistic models. The status of fitting for the
SU(6)~ cases of (1) and (5) are shown in Fig. 3.
It is seen that the case (1) of BDM is consistent

with experiments for a range of parameter 0.5
~ As s 1.5 GeV', while the case of (5) of VD2 is
consistent only for the low-q' region.

Finally, the status for pion FF is shown in Fig.
4 for the previous five cases (1) to (5), where in
the B-type cases [(1), (4), and (5)] the FKR-type
choice (gs =0, hut vw 1) of parameters is adopted.
From this we see that the cases of (1) (in the
second formulation), (2), and (5) are in agree-
ment with experiments, while the cases of (1) (in
the first formulation), (3), and (4) seem to deviate
slightly from experiments.

As a summary of the above analysis we may
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t
a K

tL Q

t ~ s

(1)B 0 g'

Q)S DG~
(4.)B Du™

(3)Y D 1 —~--
(5) VD 2---- C g

0.1

A
1.5
1.0
0.5

1.0 x
2 0

T

«~(s~&«) 3

0.5 .. 1.0

q[(GeV/c) ]

0.5-
~ ~

FIG. 2. H,atio of electric to magnetic form factors of
proton; theory and experiment (Ref. 21). The cases (1)
to (4) seem to be not inconsistent for a proper choice o
parameters, while the case (5) is somewhat wrong.

conclude on the respective models as follows.
The case of (1) BDM can reproduce"' satisfac-
torily experimental behaviors of all EMFF's of
both nucleons and pions (in the second formula-
tion). The good regions of the parameter 0 are
Q =0.5-1.5, 1.5-3, 0.5-1.5 QeV' for nucleon~ ~ ) ~

&
~ ~

magnetic FF (G"„), proton electric FF (Gs),
neutron electric FF (Gs) and Q„=0.8-1.5 GeV'
for pion FF (F'), respectively. It is interesting
there is a common region of Q~-1.5 for nucleon,
as it should be. The case" of (2) SDU is in good
agreement with experiments of Q-~, Q~~, ane I"
for regions of parameter 4es =0.5-3, 1.5-3 GeV',
and 4~„=0.5-3 GeV', respectively, while it gives
vanishing FF for Gs. The case~ of (3) VD1 gives
satisfactory results of G„and G~ for' for 4~ a1 and
4vs. a3 GeV', respectively, while it gives vanish
ing Q~ and somewhat smaller I"" than the experi-
mental value. The case' "of (4) BDU is in agree-
ments with Q"„and G~~ for g~ =0.5-1 and Q~ =1.5-
3 GeV', respectively, while it gives the larger
values of E". The case (5) VD2 seems to give
poor results except for I'.

C. Magnetic moments of baryons

The formulas and values of magnetic moments
of octet baryons p. , obtained from our currents
are given in Table IV. In all the cases they are
described by one parameter (which was fixed by
the proton moment} and have the famous ratio
g jp. = --', for nucleons, representing the SU(6)Pp Vn —-2
character of our scheme.

All the eases except the VD1 ease give the same
results and there is no difference between the use
of symmetric and real masses, since there no
form factor effect works. Thus the values in this

FIG. 3. Electric form factor of neutron; theory and
experiment (Ref. 18). The SU(6)& cases (1) and (5) shown
in the figure seem to be consistent with experiments,
while all the U(12) cases )(2), (4) and (3)] give vanishing
values for the FF.

table are obtained using all real masses for the
remaining kinematical parts. For comparison the
values in the SU(6) symmetry, where all baryon
masses are taken to be the same, are also given

24there. It is interesting that a clear improvement
is seem in the case of VDl compared with the
SU(6)-symmetry case.

D. Radiative transitions of the ground-state mesons and baryons

The formulas and values obtained from our cur-
rents are given in Tables V and VI, respectively.
Kith the use of symmetric masses all cases ex-
cept the VD1 give, because of there being no form
factor effects, the same results which are also
identical with the ordinary SU(3}-symmetric
values. Here both of. the meson and the baryon
processes are described by one parameter except
for the VD1 case, which was fixed by the decay
width of ~- m'y and by the proton magnetic mo-
ment respectively. With the use of real masses7

all the cases give the different values, and the
difference is large for the meson processes re-
flecting the large symmetry breaking in mass
values. In this case the amplitudes also depend
upon another parameter (0 or 4z), which is tenta-
tively chosen as given in Table VI. From this
we see that the case of VD1 with symmetric mass
seems getting some improvements~4 compared
with the SU(3)-symmetric values, With the use of
real masses the situation seems quite in confu-
sion, and no meaningful conclusion might be ob-
tained.

Finally, in this section we add same remarks.
As actual values of symmetric masses we have
chosen our "SU(6)-averaged" values ms == 1.33
Ge V and m „=0.79 Ge V for baryons and mes ons,
respectively„which have been also used in our

, previous analyses, showing remarkable regul. arity25
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FIG. 4. Form factor of pion; theory (solid line) and experiment (Ref. 22) (dashed line=. 1/[1+ q /(0. 671) ]). For me-
sons two types of formulation (denoted Mz and Mzz) are possible in the SU(6)z scheme. The cases (1) (Mzz), (2), and (5)
can give good agreement with experiments, while the cases (1) (Mz), (3), and (4) seem to deviate more or less.

of hadron interactions. Generally parameters for
mesons and baryons may be different from each
other, while they should be the same in the scheme
of Ref. 3. In this connection it is notable that (i)
the values in the SDU case determined from G~
and &" are the same as 4m~=4m„= 0.5-3 GeV',
and (ii) the predicted values (from proton mag-
netic moment) of decay width for I'(e- w'p) are
close to the experimental one with the use of sym-
metric masses (see Table VI).

IV. RADIATIVE DECAYS OF BARYON RESONANCES

En this section we shall apply our EM interac-
tions derived in Sec. II to radiative decays of bary-

on resonances [which are assigned to (SU(6) di-
mension, orbital momentum L) =(56, 0), (70, I),
and (56, 2)], comparing our various models. These
processes are usually described by the ampli-
tudes" of photon-resonance helicity couplings
A~~" ~(X = —,', -', ) which are related with the decay
width of resonance I'z as

2

~y ~ 2
~ +I (IAx/a I

+ IAsg21 )

where q is the momentum of photon, ms (n. „) is
tke mass of initial (final) resonance (nucleon), and

j is the spin of the resonance. From the interac-
tions (6), following our usual systematics with aid

t
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TABLE IV. Magnetic moments of octet baryons; p; (in units of e/2m&).

Particle SU(6)
All minimal

current and VD2 VD1 (m =m =m) Experiment

input input
1—my, input

m
2.79

go

Mw

wo

2—3Pp —1.86 -3 Pp
2 -1.86

—0.93 -3pp
1 -0.78

0.93

pp 2.20
)x —a

0.73

—0.93 —3 pp
1 -0.73

—0.93 —3 pp
1 -0,66

—1o333 P&
—1.86 —3 P&

2&
i
mpp

mpp

8
Bm 9m' )

1 4
sm gm ~)l

~mp,9m']

-1.86 -1~ 91

0 70 0 61+ 0 03

2.83+ 0.25

0.85

—1.01 -1.48 + 0.37

-0.63 -1.85+ 0.75

-1.56

from the tables in our previous works, "we can
express these amplitudes in terms of parameters
in the respective models. The results are given
in Table VII [parts (a) and (c)]. It is notable that
the kinematical relations among respective am-
plitudes given in part (a) are, aside from the
explicit expressions in part (c), common to all
our relativistic models and also to nonrelativistic
models, "which are based on the SU(6) SO(3)
scheme and supposing the additive photon inter-
actions with constituent quarks. Fixing param-
eters from general restrictions, Regge slopes,
proton charge, and proton magnetic moment
[see part (c)], all the amplitudes in Table VII are
represented by one parameter (chosen 4x and 0,
respectively, for the S-type and 8-type coor-
dinate models) in each model. With a tentative
choice of these parameters, numerical values of
the amplitudes are given in part (b) of Table VII
for the definite-metric cases, (1) SDU (SDM),
(2) BDU(BDM), (3) VD1, using symmetric masses
for baryons (see below); and for the indefinite-
metric cases, (4) VD2=BIM =SIN (=BIU=SIU),
where there are no differences between the 8-
coordinate model and the S-coordinate one (both
are related by an interchange of 0- 6z), and be-
tween the use of symmetric masses and physical
ones. The experimental values' are also given
in part (b). The status of fitting our results for
some range of parameters (0, 4z =1-3 GeV') to

experiments is schematically shown in Figs. 5(a)
and 5(b) and in Figs. 5(c) and 5(d) for I, =1 bary-
ons (only for ones without possibility of mixing
states) and for I, =2 baryons, respectively.

By inspecting these tables and figures we may
conclude that the results of all the above cases are
quite similar and reproduce well, "except for a
few resonances [A~3&(D»(1520)), &~„,(S»(1535)),
and &~3~,(F»(1688)), the general experimental be-
haviors, although more accurate data are needed
for some definite conclusions.

In the following we describe the results of our
analysis in more detail and give some remarks.

Definite or indefinite metric. There appears an
essential difference in the parameter dependence
of the amplitudes between the cases of definite-
metric H. O. and indefinite one. In the former
(latter) there is a (no) form-factor effect (denoted
F in the table) due to internal overlapping inte-
grals, and the amplitudes have a (no) maximal
values for some (any) value of the parameter (a or
fl).

Symmetric or physical mass. As was mentioned
in Sec. III, the symmetric mass ought to be used
for the parts of effective interactions except for
the ones being considered as kinematical. In this
table the symmetric mass is used for the factors;,
d and F in the SU(6)„scheme, and d, F, and?f'
in the U(12) scheme.

SU(6)„or U(12). The difference between the
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TABLE V. Transition currents and decay widths I'.

Minimal current
and VD2
S coord. 8 coord.

VD1

V-Pq (P -Vq)
P'„+, U(12)

J& =a —q&„&q t p(p')V&(p)]Da, MaiI" x

SU(6)„r

1 1—+, U(12)
1 2U 2 F2(q ]3&& [~ ( )]y v, mP

4 4 g, SU(6)MI
mv mp

exp ~
——

2 2 (S coordinate)
mV +mp 4~ mv +mp

2 2 22mvm~ 1 (mv —mp )
2 2 exp ——

2 2 (B coordinate)
mv +m~ 2a mv +m

M I Q I Qa

-CM (mv +mp)

&&Q)
1

mv
1

1 1 2

2 +—,U(12)
Z =,y 2' ~2 &mn™~) (-)s„mn mN

4z 12m m N

SU(6)MI
mN

2mm ' 1 (m~' —m„')'
exp ——

g exp

(S coordinate)

(B coordinate}

P'+, U(12)
mQ mN

p
a ( ~plj Kg gv ) Ns (p )D)I a& (p)Ma iF x ', SU(6)Mr

mQ

~A,

3 ~M

M,'i Q'i

-CM (m~+mN)

V;,. — — (V;Q)
mv

t

2m, m,„,Im, ~, exp

(- -:)-;-'

1, SU(6)g

(m~ -mN)2 22
2 + 2

— (S coordinate)
mQ mN

(mnm -m~2) 2

(I3 coordinate)
m$ mN

Ay

(m z+mA)

Jp =a (¹jo&&V~+)Eg+ 2/3 Ka Ma F 4m ~mA

1, SU(6)„
4

U12
Mm r

NN&4~ m mZ A
m p Ma,a' Qa, Qa,

2m zmA

m &+mA

V;, i (V,.Q)
mv

SU(6)„and U(12) scheme exists in a factor

S-/8 =[u(p')u(p)j =U =(tn +m„) /4m m

which is very close to 1 (actually, 1.02 and 1.04,

respectively, for I.=l and 2 baryons with syrn-
metric masses). Thus we have neglected the dif-
ference in the table.

8-coordinate ox B-coordinate KO. En the case
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TABLE VII. Helicity couplings of photon to baryon resonances A&~.
'

Resonance i
(a) Expressions

of A)',

(b) Numerical values of } A.& ) (10 3 GeV i~2)

SDU BDU VD1 VD2
4K =1 GeV2 0 =2 GeV2 4g =2 GeV2 0 =2 GeV2

Experiment
(Ref. 24)

P»(1232)

Die (1520) p

S«(1535) p

D»(1670)

sei (1650)

Dg (1670)

Di3 (1710)

Sii(1700) p

&gg (1688} p

p

P»(1810) p

ESz (1950)

E35 (1890)

P„(1690)

Ps( (1910)

3
~ 2

2

3
2

1
2

—~54 a„'"

—v tea~"

v 3a'"

aE(i)
(1)

-v 3aE"

—ag +a~(i) (i)

v 2azi +v'9/2az'

-&2aE«) —V 1/2a~«'

-&3aE('

aE aN(i) (i)

-W~aE" +&1//2a ~ '

-~9/5a~«)

-v'9/10a„«)

& 27/10a„("

v'1/10 a (i)

&1/2a„"'

-~4/5 aE(»

4 2/5 a (2) +y 9/10 a (2)

—4 2/5a~(2)

~1/5a(»

-v'3/5aE2) —v'3/5a„'"

v'2/7a'"

46/35 „"'
—V' 18/35a~( )

—v'1/21a~&2)

4 1/5a~2'

4 1/15a '2'

41/15a'"

188

110

34

21

129

78

27

12

17

68

30

17

10.

16

188

110

88

36

88

135

92

76

82

51

13

28

15

0-

30

50

12

19

188

110

50

10

120

60

76

55

31

25

30

18

10

19

188

110

103

103

143

103

91

50

65

12

27

23

81
'0

38

30

44

13

17

10

-254+ 5

—137+ 7

166+ 11
—8+9

-130+20

74+ 16

64+ 19

61+ 34

69+50

67+ 48

43+ 50

20+ 13

19+ 14

-60+ 33

—33+ 25

5+ 29

-10+38

10+ 55

-11+60

44+ 24

-18+26

132+ 23

—5+ 17

-18+20

23+ 14

-34+ 50

26+ 44

-17+ 65

—6+39
-71+ 27

-71+22

-1+57

28+ 25

—7+ 35

—8+ 35

-12+ 20
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8 coordinate

(g) NM L g 1 / ' ps U(12)
E ~1S (0 ) g U SU (

B coordinate

TABLE VlI. (Continued)

(c) Parameters az ' and a&~'

PfP, 1 I/2 U3 U(12)a„"' =-,' W~ (m„-m„)(qd) — Z, x
K

VD1

VD2

6 &/' U', V(12)
v 18 0 U, SU(6)

/1 r, /2
aP& = ~Ir'(qd)r 'I( Z-s

KPp U', UO.2)
au~~~ = &2(ms -mN)(qdj 0 Fs&

Np& mz +mz t'I r. /2
a~ = v2(m —m ) — U(qd) I- F

9

Np& 6 ~i'2
g„'~' = v 2 (m~ -m„)Uq~-N g R N g

U= mQ +mp
(4m m )'/''

2m+
def m 2+mR

m„2 m„2-
I 2@m&m& )

'
2m&

( 2m, m )' 1 (ma'- mu')'
FsD= z z e»—

(mg +mN ) 4K mg +my

2
2msms ' 1 (ms —mu)

FzD =
z & exp ———

mg ~N 0 mg +mg

Fsl-1
Symmetric mass; m& 0=1.33, mr ~

=1.69, mr 2=1.99 GeV, mz =mo +L~

and

A„,(D„(1670))~ as("

A,"„(D„(1670)}~ a(„'

in Figs. 6(a) and 6(b), respectively. From this
we see that all cases of definite-metric H. O. with

physical masses give' too small values of the
amplitudes compared with experiments, although
this conclusion. is not definite because of large

of definite-metric H. O. , the difference between
the $ type and the g type exists, apart from an
exponential factor (depending upon a parameter
a or 0) in a factor (-m„mn/PP ) which is close
to 1 (actually 0.96 and 0.91, respectively, for
I.=1 and 2 baryons with symmetric masses).
Thus the difference is rather small. On the other
hand, there is no difference in the case of inde-
finite metric between the amplitudes for the two

types, which are mutually related by an inter-
change of their parameters Q-6K.

Failure of definite-metric case toith physical
masses. To see characteristic features of our
respective models we have shown the parameter
dependence of the amplitudes

experimental error bars, while all the other cases
have a good region of parameter fitting to experi-
ments. These features are common to general
I.=1 amplitudes. Thus'we have omitted this case
in part (b) of Table VII. For the I.=2 amplitudes
the difference between phys ical and symmetric
mass cases becomes rather small and both cases
seem to be consistent with experiments except
for As)2(F»(1688))

Effects of mixing states. In the table the values
are obtained without considering possible mixing
effects. We have investigated the possible effects
for the amplitudes A30/2 APi/2 As/2 and Al/2 of
mixing between the D»(1520) and D»(1710) states,
getting no improvement for any mixing angle. We
have also investigated the effects for the amplitudes
A~», and A"„, of mixing between the S»(1535) and
S»(1700) states, and obtained satisfactory results
for the mixing angle 8=40', which is close to
some solutions obtained from the analyses' of
strong decay of the resonances.

Relativistic effects. We can easily obtain the
nonrelativistic limits of our amplitudes, and the
relativistic effects are estimated to be, aside from
the exponential factor, at most 10% and 20% for
I, =1 and I.=2 baryons, respectively. The expon-
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FIG. 5. Amplitudes of photon-baryon-resonance helicity coupling. Status of comparison with experiments (Hef. 24)
of our theory is schematically shown for the resonances (which has no possibility of mixing states) assigned to (SU(6),L)
= (70, 1) and (56, 2) in Figs. 5(a), 5(b) and 5(c), 5(d), respectively. The parameters are arbitrarily chosen as Q= 1-3
QeV& (4K= 1-3 Qe&&) for the B-coordinate (S-coordinate) case. The eases $DM and BDM (which are not shown in the
figure) are almost the same as the cases SDU and BDU (given in the figure), respectively. The not shown cases BIM
and SIM (BIU and SIU) are exactly (nearly) the same as the case VD2 (given in the figure). The results of all cases are
quite similar and seem to reproduce, except for a few resonances, well the general experimental behavior.
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I
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0,05

ElP „
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FIG. 6. Dependence of the amplitudes 23~, (D33(1670))
and A «312(D&5(1670)) on the parameter (0 for the B-co
ordinate case, 4~ for the S-coordinate case) are shown
in (a) and (b), respectively. A dot-dashed line (1) rep-
resents the indefinite-metric cases VD2, SIM, and BIM.
The other indefinite-metric cases SIU and BIU™are quite
close to (1): A solid line {2) [(4)] represents the defi-
nite-metric cases with symmetric mass VD1,[~DU], a
dashed line (3) j{5)]corresponds to the definite-metric
case with real mass VD1 |SDU]. The difference be--
tween corresponding SU(6)z and Q12) cases is very
small. It seems that all the definite-metric cases with
real mass give too small values, while all the other
cases have a good region of parameter fitting to experi-
ments {Ref.24).

1, (d Q~ g~(=2 ~ 79) 3, U 1,
2mam„' ' 1 (m„' —m„')'

BD- 2+ 2 'xp -0 m 2+m 2
R N I R N

1 (mR' —m„')'
4Q m '+mN'

(15)

Note that in the FKR case Q is restricted as Q
=co =1.1 GeV', while vQ =~ in our case.

Sign of the amPlitudes. In this work we have not
been concerned with signs of the amplitudes. For
this problem it is necessary to investigate the
wholeprocess of y+&- B*-hQ) +m. In this paper
we have investigated the interactions concerning
ihe first step, while the strong interactions on the
second step had been treated in our previous
works. " So it is possible to treat this problem.
Here we only note that our scheme is more flex-
ible than the usual model such as the FKR model
because we consider the more general interactions
for both steps in our scheme.

ential factor for the S-coordinate (B-coordinate)
definite-metric H. O. is

4m„'
p 4 R N

(expression 4a'- 0), which is quite similar to the
usual nonrelativistic factor exp[-(I/c)q'] (c: con-
stant parameter), while it is identical to 1 for the
indefinite-metr ic H. Q.

IKR amplitudes. The FKR amplitudes' are ob-
tained from ours in the BDU case by replacement
of

In this paper we have examined systematically
electromagnetic properties of ground-state and
excited hadrons by applying general minimal cur-
rents or newly introduced vector-meson-dominant
ones, comparing various relativistic H. Q. quark
models. As a result, it was especially shown that
a minimal current in the SU(6)„scheme with
definite-metric B-coordinate H. O. (the BDM case)
explains" quite well EMFF's of nucleons (includ-
ing the nonvanishing neutron electric one) and

helicity couplings of photon-baryon resonances
(except for a few couplings) unifiedly for a value
of Q~=1.5 GeV' and EMFF of pions for Q„=0.8-
1.5 GeV' (in the second formulation). A minimal
current in the U(12) scheme with definite-metric
S-coordinate H. O. (the SDU case) also. gives
satisfactory results for EMFF's of nucleons and
pions and for the couplings of photon-baryon reso-
nances unifiedly for 4~ =0.5-3 GeV'. A newl. y
introduced conserved vector-dominance current
(VD1) gives interesting results for EM properties
of baryons (EMFF's of nucleons and magnetic
moments of baryons and the couplings of photon-
baryon resonances) unifiedly for 4a'= 3 or 4z =0.5-
3 GeV' (aside from G~z for which 4~ =1.5-3 GeV').
Previously, we made" and analysis of strong de-
cay vertices for the baryon resonances in the
similar theoretical framework getting good results
for 4m= 1 in She 5-coordinate H. O. and for 0 =1-2
GeV' in the 8-coordinate H. O. , which are similar
to the above corresponding (the BDM case and the
SDU case) values.

All the above good cases are with the definite-
metric H. O. However, from the viewpoint of
obtaining a unif ied theoretical scheme for a higher-
order process, "as was discussed" previously,
the models with indefinite metric and with normal
ordering might be more interesting. In these
cases we lose a good explanation due to the inter-
nal overlapping integral of FF's, although they give
good results -for the real-photon couplings with
ground-state and excited mesons and baryons.

The results of our various models are, aside
from those for the FF's not so much different
from each other and from that of the usual non-
relativistic model, and explain equally well the
photon couplings with baryon resonances assigned
to I =0, 1, and 2. This comes from the fact that
for these resonances nonrelativistic approxima-
tions are still valid. (We must treat resonances
with the higher excitation to discriminate the
respective models. ) However, we should still
note the universal characteristics of our relativis-
tic models, such as concerning current conserva-
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tion and a relation to the slope parameter, which
are lacking in the usual nonrelativistic models.
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