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ABSTRACT. In the previous papers, the hidden local symmetry of the chiral the-
ory based on the nonlincar sigma model on the manifold U(3), x U(3)g/U(3)yv
‘was extended to the baryon interaction and shown to reproduce well the low en-
ergy theorems. Introducing an SU(3) breaking in the theory, the mass formula
and the Sakurai formula of the clectromagnetic interaction of vector mesons are
obtained consistently. In this paper, by introducing the effective tensor interac-
tions of order O(p?), the magncetic form factor of the nucleon is analyzed as well
as the electric form factor, partly donc in the previous paper, and it is indicated
again a breaking of the OZI rulc and a sizable content of s-quark pair in both the
electric and magnetic form factors of the nucleon.

1. INTRODUCTION

The dynamics of the vector mesons and the pscudoscalar(PS) mesons in the
hadron physics has been shown to be described succesfully in terms of the hidden
local symmetry{1] based on the manifold G/H = U(3)y, x U(3)r/U(3)y of the chiral
theory. In this respect, it would be interesting to notice that the efective interac-
tions of order O(p") in the chiral perturbation theory was shown[2] to be completely
dominated by a contribution of rcsonances including vector mesons. The hidden
local symmetry theory contains cssentially a fundamental coupling constant g of the
vector meson as a dynamical gauge boson and onc adjustable paramecter a. The
only crucial assumption is that the kinctic part of the gauge boson.is of the dynam-
ical origin in order to make the boson propagatc without being eliminated by the
equation of motion.
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In the previous papers, we extended the gauge principle to the baryon and built
an effective interaction of the lowest order O(p) in the framework of the hidden
local symmetry theory and succesfully reproduced the low energy theorems; the
conserved vector current (CVC) of 8-decays of baryons and the Sakurai scinario of
the electromagnctic interaction (E.M.1.) of hadrons in the paper [3](hereafter refered
as I). The effective interaction contains an adjustable parameter a' corresponding
to the parameter a in the meson sector and one more paramecter ag due to a non-
vanishing U(1) component of U(3) trace in addition to the fundamental coupling
constant g. The low encrgy theorems have been shown to be satisfied independently
of a’ and as. In the paper [4](hereafter refered as I1), an SU(3) symmetry breaking
was introduced in accordance with the paper of Bando, Kugo and Yamawaki[5] and
was shown that the SU(2) x U(1) natures of EZM.L,, i.e. the minimal and universal
E.M.I of baryons, the vanishing of the "ficticious” photon mass and the Sakurai
formula of the vector meson-photon interaction are preserved. On this scheme, the
realistic magnitudes of g and the mixing angle € of w and ¢ mesons were obtained
consistently with the electron pair decay of vector mesons and the vector meson
masses. The mixing angle 0 shows almost an ideal mixing. The electric form factor
of nucleon was also discussed to get a low encrgy theorem and was shown that its
iso-scalar part indicates a validity of the vector mesort dominance model(VMD), a
breakdown of OZI rule and a sizable content of s-pair in the nucleon.

In this paper, we introduce the covariant tensors(Pauli term) of order O(p?) in the
effective E.M.1. of baryons to discuss the magnetic interaction. For this interaction,
we introduce the effective Lagrangian with the order O(p?) involving a derivative of
the external gauge boson which associates an cffective coupling constant containing
an cnergy scale A. By choosing the energy scale as about 1 GeV, we could indeed
get the reasonable magnitude for the anomalous magnetic moment of the nucleon.
To account for the experimental values of the magnetic moment, there needs two
kinds of covariant tensors. Together with the electric interaction introduced in II,
we derive the low energy theorems for the vector meson pole contributions with
similar forms in both the electric and magnetic interactions and discuss the con-
sequences of phenomenological analysis of the form factors of the nucleon without
loop contribution.

This paper is organized as follows. The relevant effective Lagrangians of meson
and baryon including the SU(3) breaking and the interactions which were derived in
I and II are recaptulated in section 2. Covarint tensors are introduced to construct

the magnetic interaction of baryons in section 3. In section 4, it is shown that the



low energy theorems hold both for electric and magnetic interactions and, in section
9, the electric and magnetic form factors of nucleon are analyzed. Finally in section
6, we summarize the result and give some remarks.

2. VECTOR INTERACTIONS

In this section, we recaptulate the effective Lagrangian including the SU(3) break-
ing in the hidden local symmetry given in II. We write only the vector interactions
which are relevant to the following argument. The same notations as those in previ-
ous papers I and II are used without any notice. The building block of the effective
Lagrangian giving the vector interaction is assumed as

1 !
oy = E(Dqu &+ Dt - el + D& - Cvﬁrﬁ + Dyér - Eir/ I) : (2.1)
where ) .
10 ¥
iy = exp(—) exp(F—) , (2.2)
J /
and
Dp€ury = 0uéumy — 19Vbumwy + Eum) Buryy - (2.3)

In Eq.(2.1), we assume a most simple form for the syminetry breaking in accordance
with ref.[5], where ¢y transforms as (3,3*) under U(3), xU(3)g. For the local U(3)y,
we fix the gauge as 0 = 0 so that ) = exp(Firn/f).

In II, we have shown that the interaction of vector meson with photon has indeed
the form of the Sakurai formula as follows

2
LOyV) =eS 2y qn (2.4)
\Y fV

where my denotes the mass of vector meson including SU(3) breaking effect and

V3yg

\/Sg (
- = ——— - . 2~5)
fﬂ g, fw singd f¢ cos 0
Here the angle 0 gives a mixing of w and ¢ as
wg = ¢pcosl+wsinl , (2.6)

wy = —¢sinf +wcosl .

As was shown in I, it was obtained g = 5.93 and 0 = 37.08° from (w, ¢) — ee
decay.



The effective Lagrangian of baryon with order O(p) which yields the vector inter-
action is given as follows,

»Cbaryon - 'Cg)) + alﬁ,B + aS'C% s (27)
where
£y = i(By* D, B) = i(B+"0,B) + ¢(By*[Vi,, B)) , (2.8)
a’,C;3 = a'(Ey“[apV, Bl), (2.9)
asLy = as(By"B)(a,") . (2.10)

In Eq.(2.10), the quantity aff’ is defined by Eq.(2.1) with replacing ey by ¢y,. The
baryon field is defined as follows,
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The parametrization of €'s is given as
"2ey =C 2, =D 2.12
affev =Chm,  agfid, = R, (2.

where m = diag{m,, my, m,} with the current quark masses. In the above, asL3
is needed in general because «,’s have non-vanishing U(1) conponent of U(3) trace.
This interaction gives a correct coupling with w and ¢ as was shown in II.

The lowest configuration of the vector interaction of baryon is given as follows,
L3 +a'Ly = g(By* [V, B) — ' (By*l(9Vi — eQA)(A + &), By, (213)

asL = ~as(By*BY{(gV, - cQA(L+ &) - (2.14)

As the baryon interactions with photon and vector meson which arc necessary for
the analysis of nucleon form factors, we obtain the direct YNN interaction and the

VNN interaction as follows.
§ 1 _ _ _ - L
Lv(YNN)aireer = ¢5 { A (Pyup—Ty,m) + A1 (Bryup+ryn) } A% (2.15)

~ 1 _ —
Ly(VONN) = g2 (1 = Aw) (Byp—Tiy,m) o™

3
+g%—_{(1 — Ay )sin0 — \/531 Cos 0}(7_)'7up+ﬁ7un>w#



S

+97{(1 ~ A1) cos 0 4+ V2 By sin 0} (py,p+7y,n)* (2.16)
where
Al\/ = a’ + Clgm s (217(1)
1 2
Ay =d + 56'3(2777,3 + ) — gDB(7n3 —-m), (2.170)
) 1 1
]jl — ag — ECB(TTLS e '771) -+ gDB(m,s + 2m) . (2170)

Here we assume an SU(2) symmetry for the breaking so that m, = myg =M. In II,
it was shown that the low encrgy theorem of minimal E.M.I. is obtained from the

direct interaction Ly {(yNN)gireee and the contribution of the vector meson through
Lv(VONN).

3. TENSOR INTERACTIONS

For the effective magnctic(Pauli-term) interaction of baryon, we introduce tensor
operators with order O(p?). To account for the experimental values of magnetic

moment, there need two covariant tensor operators. These are as follows,

. , 1 ;
B = 910uVs = Vi =gV Vi1 + 5 (608] + et} (3.1)
1 ,
0% = 5 ADu(DL) &+ D Do) L4 DU D) vl +Du (Dbl —(n e 1)}
(3.2)
where
Du(Dbrmy) = 0u(Durimy) — iV oy + i Do i) B - (3.3)

These are transformed in the hidden local space as

B — /L,Bu,,/LT, o’ = haV hl (3.4)

ng jnz

The effective tensor inrcractions with order O(p?) are assumed as follows,

1 D) r - 5 v FF) v !
£ = — {86 (Bo™ (8,0, B) + 6 (Bo" {8, BY) + Bs(Bo*" B)(5,,)}

1 — —
= = {8 (B0 [gViu (1 + ), B)) + o (Bo™ {gV,u (1 + &), BY)
+0s(Ba BY(gVyu (1 4+ )} + -+ (3.5)

1 * - e :
£ = —K{anoW{ayM Bl) +np(Bo*"{al,, BY) +ns(Bo* B)(a!,)}
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1, Bok
- —X{nF<B0M {(g\/lw - CQF#V)(]' + EV)7B]> + nD<BO—# {(gvflu

~eQFu)(1 + cv), BY) + ns(Bo* BY (Vs — eQEu )1+ )} +---,  (36)

where A denotcs an encrgy scale of the effective interaction and

\/;u/ = auvu - auvp P I;‘;“/ _ (9 AV - 0 A (37)

i vl

and the second lines in Eqs.(3.5) and (3.6) denote the contribution from lowest
configurations. We parametrize the symmetry breaking cffect €’s as follows,

3.0 — [0 g 0 _ F0, o _ g0
Brey, = Hpm , Opey = Him , Gscy, = Hgm

’
necy = Hpm |, npey = Hpm | nsey = Hsm .

(3.8)

From Egs.(3.5),(3.6), the direct tensor interaction of nucleon and photon is given
as follows,

C y
ET(’YNN)direct - 5{/12\’(]—)0;1117)_%0'/11/”) I AQ(pg/lup+napun)}F#’ ! (39)

where )
Ag\z = K{?}p + D + ([]I =+ [‘[D)m} s (310&)

1
Ay = 3530 = + Hp(2m, + ) — Hp(2m, — m) = 2Hs(m, —m)} . (3.10b)

The effective tensor interaction of neutral vector mesons and nucleon is also given
as follows,
. { ’ . _ "
Lp(VONN) = ~}Z/AQ\,(pawpwna“,,n)/)of

3y
2
—[;{Az cos ) — /2 Bysin 0}(po ., p+no,,mn) ¢ (3.11)

where Ay, Ay are Ay, As of Egs.(3.10a,b) with 1, and H, replaced by 1, = B+
and H, = HY + H, respectively, and

{/1:) sin 6 + \/é BQ COos 0}(750—p1/p+ﬁo'#un)wpy

1 7 ! / ’ ’
By = 3—A{2nD + 3ng — Hp(my — ) + Hy(ms +m) + Hg(ms +2m)} . (3.12)

It is to be noted that the quantitics Aoy and others in tensor interaction are de-
fined as to have an inverse mass dimension by A™! in contrast to those in vector
interaction.



4. LLOow ENERGY THEOREMS

In this section, we show that the effective interaction yields all the low energy
theorems of baryon E.M.I. satisfying the SU(2) symmetry. In the low energy limit,
the neutral vector meson which changes to an external photon in a tree diagram will
be replaced in the Lagrangian as

gV — eQA,, gV — eQF,., . (4.1)
Then the vector interactions Egs.(2.13), (2.14) become
LY v d Ly + aslS = e(By*[Q, B) A, (4.2)

which is just the minimal E.M.L of baryons as was shown in II. The tensor interaction
Eq.(3.6) has no contribution and Eq.(3.5) becomes

L) = = {8 (B Q1+ &), Bl) + 6o (B {Q(1 + &), BY)

+8s (Bo* BY{(Q(1 -+ €))} P (4.3)

which is the static anomalous magnetic moment (a.m.m.) term of baryons with the
order O(p?). By choosing A ~ O(1GeV), the coefficient eA™! Bpp,s)y would provide
the correct magnitude of order to a.m.m. of baryons. If we denote the static iso-
vector and iso-scalar anomalous magnetic moments of nucleon up to e as pv, us
respectively, we find

1
jiy = —9-/{{/3[" + Oy + (Hy + HY)m} (4.4)

1 1 1 1
Us = —-ﬁ{ﬁp - gﬁD + 5Hg(27rzs + 1) — EHB(QmS —m) — 2HJ(m, —m)} , (4.5)

which are the expression of the a.m.m. of nucleon in terms of SU(3) symmetry
including the breaking effect. Thus it means that Ay, = —2uy + Ayy and A, =
—2us + Ay from Egs.(3.10a), (3.10b).

We write the coupling constants gi,lgm of vector interaction VNN as

¥ ( L= — . _ .
L(V°NN) = 9,;;1\?5\' P (Pypp—Tivum) + (gl @ + gfpﬁ_\v ") (Pyuptivyun),  (4.6)

where
¢&:gu—AWL (4.7a)
[ il\)‘r\ = @ (1—Ap)sin0 — V2B, cos 0}, (4.7b)
3
.G’LQN = \/; g{(l — Ay)cosd + V2B sin 0} . (4.7¢)

p4]



Then by using Eqgs.(2.17a ~ ¢), we have the low cnergy theorems on the coupling

constants as follows,
(1)

.(]pNN
b Ay = = 4.8
fp 2 1V 9 y ( )
(1) (1)
N I 1
Jumx y Jonn (1 (4.9)

Jo fo 202
for the iso-vector and iso-scaler channels respectively as was shown in II.
For the tensor interaction, if we define the coupling constsnts gVN\T of VNN inter-
action in Eq.(3.11), then we have

2 Ve — 2 v v
L1(VONN) = g'Fh o™ (5o, p=Ti0,n) + (g5Rn @ + ghun ) (POp+ToLN)

(4.10)
where
Q;QN = %(Q,UV - Ay}, (4.11a)
2 3
gB = Q{(ms — Ay)sin ) — V2B, cos 0} (4.11b)
(]g\)w = \/— Vig (245 — As) cos 0 + V2B, sin 0} . (4.11¢)

Since the direct interaction is given by Eq.(3.9) in terms of Ayy and Ay, we have the
low energy theorems of coupling constants in the iso-vector and iso-scalar channels

respectively as follows,

(];()N)\ 1

j,; + = 9 42\ = Hv , (412)
(2) (2)
gonn . Genn 1
—_ + —1- —A. fvand . 413
1. 3 * /12 = Hs ( )

In view of Eqs.(4.8),(4.9), it should be noted that the low energy theorems have the
similar expressions in cach of the vector and tensor interactions. These will give also
the low energy theorems on the clectromagnetic form factors of nucleon as will be
shown in the next section.

5. ELECTROMAGNETIC ForM FACTOR OF THE NUCLEON

It has been known that in the iso-vector channel of nucleon form factor the p peak
deviates largely from the Breit-Wigner shape, and that the simple tree diagram of p
meson may not be adequate[6]. On the other hand, the bump and dip structures in

ImF? have been shown to be explained by w and ¢ exchange, respectively[7]. In a
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recent analysis[8], the p contribution was calculated by using the CGLN (the Chew-
Goldberger-Low-Nambu) helicity amplitude and the other contributions are treated
by resonance exchange. Hence we use only the information of the form factor of the
iso-scalar channel of both the vector and tensor interactions and write them as

,. , A(S)
FS 1) = al(w) at((ﬁ)( aL( B CSFas 51
®) t+m3)+t+mfb+t+m§—* Por (5.1)

where a;(V) are the pole residucs of the vector meson and a;(S) term corresponds
to a pole of S particle with higher mass 1.68 GeV (i=1, 2 denote the electric and
magnetic form factors respectively). £ are taken so as to reproduce the asymptotic
behavior of the perturbative QCD. It should be noted that in our theory the higher
mass a;(S) term and the asymptotic C? term may be considered as being frozen into
the direct interactions Egs.(2.15), (3.9). The normalization conditions of the form
factors are
FP(0) = IV (0) = 5, (5.2)
and
F$0) = ps,  FY(0) = py (5.9)

which correspond to our low energy theorems on the coupling constants in Egs.(4.8),(4.9)
and (4.12), (4.13). Furuichi and Watanabe[8] gave the best fit values as

ar(w) = 0.7627 GeV? | ay(¢) = —0.7667 GeV?, (5.4)
ax(w) = —0.1197 GeV? - pun ,  az(¢) = 0.1537 GeV? - un '
where uny = (2my) " with nuclcon mass my, and the pole positions are
m, = 0.783 GeV , my =1.02 GeV . (5.5)

In our theory, we have the following cxpressions for the residues from Egs.(2.5),
(4.7a ~ ¢), (4.11a ~ ¢) by using ;(V) = gsg\wm%/fv as

1

ai(w) = S{(26: — A)sin 0 — V2 B; cos 0} sin 0-m? | (5.6)
1
a;(¢) = 5{(2@ — A;) cos0 + V2 Bisin 0} cos0-mj (5.7)

where e; are defined as follows,

c = % ) Co = Hs - (5-8)



The pg is an iso-scalar a.m.m. of nucleon given by Eq.(4.5). By Egs.(4.9), (4.13),
we have the following relations as

ai(w) alp) 1
- A= e )
m? 2 a; e (5.9)

which are the low energy theorems for the clectric and magnetic form factors, re-
spectively. The A; terms mean here the contributions of direct interactions given by
Egs.(2.15), (3.9). Tt should be noted that these are not the normalization conditions
but the identity relations in our theory. Using the fitted values Eq.(5.4), we obtain
the magnitude of direct interactions as

Ay = —0.0146, A, = —0.0253 x| (5.10)
where we have used pg = —0.0601 pn. From Egs.(5.6),(5.7), we find

B, =2 {a“w) tan 0 — M} . (5.11)

2 2 s
m; m2 tan 0

By using 6 = 37.08° obtained from the analysis of the V. — ¢€ decay in II, we find
By = =3.12, By =0.523 pn - (5.12)

Further we obtain the effective coupling constants gi',if\m as gf,lb),N = 21.21, gfplng =
—9.492, gﬁ\)m = —3.328 ux and gé?\)w = 1.903 un . Main results in this section are

Egs.(5.10) and (5.12) which will be used in the discussion of next section.

6. RESuLTS AND DISCUSSION

Following the previous papars I and II, we have constructed the effective E.M.L
of baryons in the hidden local theory including the symmetry breaking. In our
treatment, we have assumed a symmetry breaking in a most simple way following to
ref.[5] including the current quark masses, which transforms as (3.3%) under U(3)y, x
U(3)r and preserves SU(2) x U(1) symmetry. We have introduced the effective
tensor(magnetic) interactions with the order O(p?) in addition to the vector(electric)
interaction with the order O(p). Without the loop contribution, we have shown the
low energy theorems of E.M.L. of baryons hold and analyzed the structure of the
electric and magnetic form factors.

Our results are summarized as follows. Firstly Eq.(5.10) shows the magnitudes of
the parameters A; and A, as

Ay~ 0.0, Ay, >~ 0.0, (6.1)

10



which means the VMD works very well in both the electric and magnetic form factors
of nucleon as was discussed in I. This also mcans the iso-scalar form factor to satisfy
Interesting sum rules as

e — {a"(”) + a"'(@} - %Ai ~ 0.0, (6.2)

2 ,
™ms my

for the electric and magnetic form factors.

Second, the validity condition of OZI rule is given in our theory. The Lagrangian
of vector meson with vector and tensor interactions in the iso-scalar channel is given
as

Lo (VONN) o {(2¢; — A)ws — V2 B Ypp+7n), (i=1,2), (6.3)

where we have suppressed the tensor suffices and the coefficients for the sake of
simplicity. The w states are defined as

) = —={um d) —2|ss
2w8>~f6{l )+ 1dd) —2ss)},

1
|wi) = %{!

Thus the vanishing of the s§ component in the interaction requires a constraint in

B (6.4)
ut)+ [dd)+ |ss)} .

terms of our parameters as

B.
D=t — 1. 6.5
PE g (6.5)

By using the results of I£gs.(5.10), (5.12), we find the values of the left-hand side as
p = —3.07,  p, = —5.51, (6.6)

hence the OZI rule may be largely broken in both the electric and magnetic parts.
Third, with respect to the breaking of the OZI rule, the coupling constant of qg
pair to the nucleon may be obtained from Eq.(6.3) as

srut+dd 1
POl e NN) =] = —=(2¢; — A; — 2B,) | 6.7
o= (NN = (2 ) (6.7)
(1) (NN — 2
q [SS(NN)]:Q] = — 5(2(’,7; - Ai -+ Bz) . (68)
Thus the ratio of the coupling constants of s§ to (ut+dd)/+/2 with nucleon is given
o (2) N A B
YIsS(NN) = 2 1 1 i
e R oy (69)
q(‘)[ u\@ (NI\‘)[:()] 261 — L T 2 i



which yields
ry = 041, ry = 0.53. (6.10)

It should be noted that the ratios are nearly of the same order of magnitudes in the
electric as well as magnetic form factors and may indicate a sizable s§ component in
the nucleon. This result is consistent with the one of electric form factor obtained
by H.Genz and G.Héhler[7]. Our result on the magnetic form factor would be
Interesting in view of the recent measurement of the spin structure of proton|[10],
which indicates a sizable s§ component in the nucleon. In this paper, we cited the
result of the solution given by Furuichi and Watanabe[8] since the other solutions
given in ref.[9] show a large content(r; > 1.0) of s-quark pair in the nucleon.

Finally, we should give a few remarks. The hidden local theory assigns the dynam-
ical gauge boson as the vector mesons and our low energy theorems consist of the
tree diagram of these mesons. This approach has been shown to yield a succesfull
description of low energy phenomena of both the mesons and baryons. But as we
have mentioned in II, the p meson seems to behave heterogeneously from the others,
w and ¢ mesons. The magnitude of the fundamental coupling constant ¢ obtained
from f, differs about 20% smaller than those from f, and f4. Also the p meson pole
in the electromagnetic form factors, as was shown in refs.[6]~[8], may not be ade-
quate to be described by the Breit-Wigner formula. This ”p meson puzzle” should
be lendered to the future study. The loop contribution of the vector mesons and the
effect of the heavy baryon CHPT for the nucleon are also neglected in the present
work, but we believe that the result of the present work may indicate a basic feature
of the E.M.I. and the form factors of nucleon in the hidden local theory.
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