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Importance of vector mesons in nucleon form factors
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The eftects of vector mesons on the nucleon form factors have been investigated in the cloudy bag
model. Vector mesons improve remarkably the theoretical curves of nucleon form factors as well as
the values of nucleon magnetic moments.

I. INTRODUCTION

Nucleon form factors provide very precise information
on the nucleon structure and, therefore, play a key role to
examine the quality of models and for sensitive tests of
various subnuclear theories.

Tegen and Weise' analyzed the nucleon form factors in
the quark-confining potential model, but failed to repro-
duce the neutron electric form factor. In addition, their
calculation violates gauge invariance and, as a result,
happens to contain undesirable parameters to preserve
the nucleon charge. Although similar calculations were
carried out by Barik and Dash, the results were also un-
successful. Recent calculations ' in the cloudy bag mod-
el (CBM) show somewhat reasonable results for the nu-
cleon form factor in the wide momentum-transfer region
q ~20 fm . However, the nucleon magnetic form fac-
tors were evaluated independently of the electric form
factors; i.e., charge conservation was ignored in the cal-
culation of magnetic form factors. Therefore, these cal-
culations suffer from lack of consistency. Alberto et al.
tried to evaluate the nucleon electromagnetic and axial
form factors using the Lagrangian of the linear chiral sol-
iton model. They obtained good agreement only for
q ~ 10 fm . However, vector mesons were ignored in
their calculations. Although they improved recently the
chiral soliton model by including vector mesons in the
massive Yang-Mills approach, the Wess-Zumino term
was still ignored, which could make significant contribu-
tions to the magnetic moments as is shown in the present
work. Along similar lines, Meissner et aI. made exten-
sive calculations of the nucleon form factors in a non-
linear chiral meson theory with vector mesons and ob-
tained remarkable results. The nucleon form factors are
well reproduced except for the neutron electric form fac-
tor, while the nucleon charge and magnetic radii are yet

I

far from the experimental values. Their results show an
irreconcilability between the form factors and quantities
such as rms radii, magnetic moments, and axial coupling
constant; i.e., better results for the form factors induce
less satisfactory results for other quantities.

Since there is no complete calculation of these quanti-
ties on the basis of the chiral bag model with vector
mesons, it may be very interesting to explore the impor-
tance of roles vector mesons play in the calculation of the
nucleon form factors and magnetic moments within this
model with explicit valence quark degrees of freedom.

II. DERIVATION OF THE LAGRANGIAN
WITH VECTOR MESONS

Let us start by writing down the Lagrangian density of
the CBM (Ref. 9) as

X(x)= [q(x)iy"t)„q (x) B]8~—
,'q(x)

exp[ties—~'n(x)lf

]q(x)~s

+ —,'[D„n.(x)] + —,'m m (x),
where q(x) and ~(x) are quark and pion fields, respec-
tively, B is the vacuum energy constant, D„ is the covari-
ant derivative, and f is the pion decay constant. Ov and
6& denote the volume and surface 6 functions.

The Lagrangian-containing vector mesons can be de-
rived by a local gauge transformation of the CBM La-
grangian (1); i.e. , p mesons are coupled to SU(2) isospin
and co mesons are coupled to U(1) baryon number.
Therefore, the minimal coupling

lB„~t)„—g(r p +co )—
induces the effective Lagrangian

X(x)=q(x)iy" t)„— gr p (x)——geo —(x) q(x)0 BO—l l

—
—,'q(x) exp[i'~~ m(x)lf ]q.(x)bs+ —,'[D„n(x)] + —,'m„n(x)

3 2—
—,'p„(x) p" (x)——,'to„(x)co" (x)+—,'m [p„(x) p"(x)+co„(x)co"(x)]— e„ tt+'co (x)p (x).t)~m(x),s~'f. "-'
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where

p„,=B~ —B~„+gp„Xp, ,

cop Ops

D„m.=D„m.+gp„X m .

(4)

(5)

3

Wi(kv)= —igXv g btri[So(kv)e (kv)
j=1

+Si(kv)rr e(kv) Xkv]b

3

Z(kv)= i—gVv g bt[So(kv)E (kv)

(12)

III. INTERACTION HAMILTONIAN
AND QUANTIZED MESON FIELDS

With this effective Lagrangian (3), one can derive the
interaction Hamiltonian of the vector mesons and quarks
as

H;„,= —q(x)y'"(~ p„+co„)q(x)8v .
2

Quantization of the vector-meson fields is actually not the
same as that of the pion field. In order that the condition
8~~=0 be satisfied, the time component of the canonical
conjugate momentum of the vector mesons should be el-
iminated in favor of the space component. This can be
done along the lines given in Refs. 7 and 11. Thus
Fourier transformations of quantized p and co fields are
expressed as

p, (x) =fd'kvvve"(kv)

X [exp(ikvx )ci(kv)+ exp( ikvx )cd�(—kv)],

co"(x)=fd kvNve"(kv)

X [exp(ikvx )d(kv)+exp( —ikvx )d (kv)],

and yield the quantized interaction Hamiltonians for pqq
and coqq,

H f'„, =i g f d k v [ 8'q ( k v )cq ( k v ) + 8'i ( k v )c i ( k v )],

H,"„,=i f d'kv[Z(kv)d(kv)+Z (kv)dt(kv)],

where vertex functions are defined as

(10)

The last term in Eq. (3) is the so-called Wess-Zumino
term, which describes a certain anomaly process contain-
ing vr, p, and co. '

+S,(kv)cr e(k v)Xk v]b, (13)

with the bag spatial form factors

2
2

So(kv)= ~ 2

2 0
dr r [j o(floor/R )+j, (floor/R)]jo(kvr )

(14)
R

S&(kv)=X dr r jo(coor/R)j&(floor/R)ji(kvr) . (15)
0

The gauge coupling constant g in Eq. (7) can be deter-
mined by the p~~m decay process and satisfy the well-
known Kawarabayashi-Suzuki-Riazuddin-Fayyazuddin
(KSRF) relation &2f g =m =m . ' In Eqs. (12) and
(13), Xv=[(2m) 2cov] ', b (b ) is a quark creation (an-
nihilation) operator, e (kv) is the polarization vector,
cz(ci ) and d (d) are p- and co-meson creation (annihila-
tion) operators, respectively, and the energy and momen-
tum of the vector meson are given by co& and kz.
denotes a charge index. In Eqs. (14) and (15), N is the
normalization constant, jI is the spherical Bessel func-
tion, and R is the bag radius.

IV. NUCLEON
ELECTROMAGNETIC FORM FACTORS

A. Derivation of the form factors

As was done in the previous calculations, the
baryon electromagnetic current j "(x) can be derived by
requiring the local U(1) gauge invariance after introduc-
ing the photon field. Evaluating the Feynman diagrams
shown in Fig. 1, one can find the nucleon electromagnetic
form factors as a sum of contributions from each dia-
gram,

G~(q )=G„,(q )+G„b(q )+G„,(q )+G„d(q ), (16)

where the symbol 2 denotes E or M for the electric or
magnetic form factor. Since the nucleon charge is
preserved by the gauge invariance, we should have
Gg (0)= 1 and Gg(0) =0. As is shown in the diagram (cl)
of Fig. 1, the y~m vertex is treated in the vector-
dominance model. The form factors associated with each
diagram are given as

(a)

N 5 3 N

K ~
~ ~ ~ ~

(bS)

N S I 8 N

..Q,Cy. -

(b2)

p
N

(c1)

N '

(c2)

N

7K o Q)

N ~ N

(d)

FIG. 1. Feynman diagrams for the nucleon electromagnetic form factors.
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G,.(q') =Z, AQ, (q),

0(q)

SS'

Bssk„UNS(k R )UNS(k R )
dk

0 CO (CONs+CO )(CONs +CO )

Css kvS, (kv) DNNkV 0(kV)
+2g dk v +

co v(coNS+co v)(coNS'+co v) mv~v

(17)

(18)

2

72-' ~ -' -'+q'

1
2

GN( 2)
72ir 8' f

fC2 Esk (k„k' )UNS(k R )UNs(k+ )
d k

(CO +CO )(CONS+CO )(CONS+CO )

Es(kv k 'v)Si(kv)Si(kv)
+2g d kv

( ~ V +~ V )( ~NS +~ V )( ~NS +~ V )

2

g f d k k„k'(k Xq) UNS(k R)
mp+q s

(19)

Fsk (co +co'v+coNS)S;(kv) GNS0(kv)
X +, (20)

CO~ V( CO~+ CO V )(CO~+ CONS )( CO V+ CONS) CO7fCO V(CO7/+ CO V )

GM, (q )=Z2AmNQi(q),

mN fg
, Q, (q) r81~ ss m.

Bss k UNS(k R ) UNS (k R )
dk

0 &sr(&NS+&m)(&NS'+&&)

(21)

S

Css'kvSi(kv) DNNkvSo(kv)
+2g dkv +

0 CO v ( CONS +CO v )( CONS + CO v ) mv~v
2

rgi'... m
p fg

P . . P
em m +q

f E,k (1C Xq) UNS(k R)UNS(k+)(cO +CO„'+CONS)
X d'k.

CO~'(CO +CO' )(CONS+CO )(CONS+CO' )

(22)

Es(kv Xq) Si(kv)Si(kv)(cov+cov+coNS)
+2g d kv

~V~V(~V+V )(~NS+ V)(~NS + V)
2m

m +q

T

mN g2 fg
144~' 8~2f m

I

X g f d'k k UNs(k R)(k .kv) +
s 0 (co +cov)(co +coNS)(cov+coNS) co cov

(23)

(24)

with k'v =kv„+q and cozs=ms —mz. The su%xes S and S' denote N or A. We have also introduced vertex func-
tions with the photon momentum transfer q in the forms

R
Qo(q)=N f dr r Ij 0(coor/R)+j&(coor/R)]jo(qr), (25)

0
R

Qi(q)=N J dr r j 0(coor/R)ji(coor/R)ji(qr)/(qr) . (26)
0

UNs(k R) is defined with the mNS form factor as

UNS(k R)=[jo(k R)+g2(k R)]g Ns(k ) . (27)

Coefficients in Eqs. (17)—(24) are given by A =1(0), BNN =25(50), CNN =34(50), Bcc,=Ccc, =128( —32), DNN=45(9),
EN=50( —50), Ec, =32( —32), FN=160(70), FR=32(32), and GN=240( —240) for the proton (neutron) electric form
factor and A =4( —8/3 ), BNN =25( —100), CNN = —2( —82), BNc, =640( —640), B&z

=Czz =640( —160),
DNN =351(—189), EN = 100( —100), Ec, =32( —32), FN = 160(40), Fc, = —64( —64), and GN =240( —120) for the pro-
ton (neutron) magnetic form factor. The renormalization function Z2 is given in the following form when the vector
mesons are involved:
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1Z~= 1+
12m

~ask Uxs(k R)dk„—
2

+2g' dkv
co (co +co~s )

b&sk&S&(kI ) c&zkvSO(kv)

CO y( CO I +Q)~S ) m pe V
2+ 2 3

(28)

where a~~ =25, a~~= 32, b~~ =28, b~~= 32, and

cQ+ 1 8e

Figure 1(d) denotes the Wess-Zumino term, and the
coupling of y to the ~pcs vertex has been treated by the
vector-meson-dominance procedure. The nqq coupling
constant f& =0.483 and the effective Vqq coupling con-
stant q =4. 1 should be used for numerical calculations.
Furthermore, the coupling constant ( @gal /em z )

=0.80 is determined in a context of the gauge invariance.

B. Results of numerical calculations

The results of numerical calculations with R =0.95 fm
are shown in Figs. 2 and 3. The dotted curves are contri-
butions from the quark, i.e., Figs. 1(a) and 1(b), and the
dot-dashed and dot-dot-dashed curves show contribu-
tions from the pion and vector mesons, respectively. The
contribution of the diagram 1(d) is included into the dot-
dot-dashed curve. It is obvious that the vector-meson
contribution is larger than the pion contribution in larger
region of momentum transfer. The solid curve is the re-

1.0

suit in which all contributions are included, and the
dashed curve is obtained without vector mesons. The
data of the neutron electric form factor can usually be ex-
tracted by using the wave function of deuteron. The
Hamada-Johnson wave function' gives the open circles,
while the McGee wave function' gives the solid circles.
Agreement of our result with the data is excellent. The
importance of the vector meson is obvious. On the other
hand, the nucleon magnetic form factors are shown in
Fig. 3. Although the neutron magnetic form factor can
well be reproduced, the proton magnetic form factor
shows less agreement. One can see that the disagreement
is reduced by introducing the vector mesons in the pro-
cesses.

The nucleon magnetic moments can be obtained from
the values of the magnetic form factors at q =0. Our re-
sults are 2.26 and —1.59 for the proton and neutron, re-
spectively. Of course, these values are not in agreement
with the data, p =2.7928 and p„=—1.9130. As was
pointed out, ' ' the c.m. correction plays rather an im-
portant role to determine the nucleon magnetic moments
in the CBM bag model. This correction is estimated as

p, =@&(1+(p )/2m ), where p& is the quark contri-
bution and I=5.9/R. ' There are two ways to esti-
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FIG. 2. Nucleon charge form factors obtained with R =0.95
fm. The solid and dashed curves show the results with and
without vector-meson contribution, respectively. The dotted
curve is the quark contribution. The dot-dashed and dot-dot-
dashed curves are the pion and vector-meson contributions, re-
spectively. Experimental data were taken from Ref. 3.
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FIG. 3. Nucleon magnetic form factors normalized to unity
at q =0. Explanations of each curve are same as those given
Fig. 2. Experimental data were taken form Refs. 3 and 14.
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TABLE I. Nucleon magnetic moments. The values given in
parentheses are for the neutron. '

1.0

Diagrams 0.90
Bag Radius R (fm)

0.95 1.00

0.8

pg
p~
pp

Pwz
Pc.m.

{la), (1b)
(1c)
(1c)
(1d)

method I
method II
method I
method II

1.68(—1.16)
0.30(—0.30)
0.04( —0.04)
0.21(—0.09)
0.43(—0.30)
0.30(—0.21)
2.66(—1.89)
2.53(—1.80)

1.77(—1.22)
0.27( —0.27)
0.04( —0.04)
0.18(—0.08)
0.45( —0.31)
0.32{—0.22)
2.71(—1.92)
2.58(—1.83)

1.85(—1.28)
0.25( —0.25)
0.04( —0.04)
0.16(—0.07)
0.48( —0.33)
0.34(—0.23)
2.78(—1.96)
2.64( —1.86)

0.6 "

0.4-

0.2-

10 " q'(fm')
'p'"I" =2.792 845 6(1].), p'„"l"= —1.913042 11(88). FICz. 4. Axial form factor normalized to unity at q =0. Ex-

perimental data were taken from Ref. 19.

mate the mean momentum spread in the bag. One is to
use the formula (p ) = 17.85/R, which yields
(p ) =0.51m and the other is (p ) =0.36m in Ref. 8.
We refer to the first one as method I and the second as
method II. The results are given in Table I.

The nucleon radii have also been calculated with the
c.m. correction, (r ) =(r )&(1+(p )/3m ). The re-
sults are listed in Table II.

f d x (f ~
A„(x) i ) exp(iq x )

=uf [y"y—G„(q )+q"y G (q ))u;, (29)

where u is the spinor, Gp(q ) is the pseudoscalar form
factor, and the axial-vector current is derived from the
Lagrangian (3) as

~„=q(x)y„y,—q (x)ev+f.a„~(x) .
2

(30)

V. DERIVATION
OF THE AXIAL FORM FACTOR

In the present framework, we are able to evaluate the
axial form factor which also provides sensitive informa-
tions of the baryon structure. The axial form factor
G~(q) is generally given in the following integral:

The second term which plays an important role to satisfy
partial conservation of axial-vector current (PCAC) van-
ishes in the matrix element when the pion field exists in-
side the bag. As there is no contribution from the dia-
grams (lc) and (ld), we find the axial form factor as a sum
of two terms coming from the diagrams (la) and (lb):

G. (q') =G,.(q')+ G»(q'),

G~.(q') =-,'»Q2(q»

,(q)

3247T' ss

Iss'k Uxs(k R)Ux (sk R)
dk„

~fr(~xs +~17)(~Ns'+~77)

(31)

(32)

where

oo Jss'k vS i ( k v ) +Nwk v~0 ( k v )
+2g dkv +

~v(~xs+~v)(~vs +~v) ~v~v
(33)

R
g~(q)=X f dr r I [I'o(coor/R) j f(coor/R))J'0(q—r)+2j f(coor/R)j, (qr)(qr)

0
(34)

TABLE II. Nucleon properties for R =0.95 fm. The rms radii are given in unit of fm. Experimental values were taken Refs. 8

and 19. Symbols I and II denote the methods used to evaluate the c.m. correction.

c.m.

no
I
II

Expt.

0.78
0.84
0.82

0.86+0.01

(~n )2

—0.180
—0.126
—0.143

—0. 119+0.004

0.77
0.82
0.81

0.86+0.06

7M

0.80
0.85
0.84

0.88+0.07

0.59
0.64
0.62

0.68+0.02

2.26
2.71
2.58

2.79+0.0

—1.59
—1.92
—1 ~ 83

—1.91+0.0

1.11
1.30
1.24

1.262+0.005
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r
/ PK~)0 ~ CcP +
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FIG. 5. Diagrams for the bag energy.

1.4—

and I~~ = 125, I~~ = 1280, I~~ =800, J~~ =80,
J&&=1-280, J&& =800, and K&&=135. The result of nu-
merical calculation is shown in Fig. 4. Agreement is ex-
cellent. We can evaluate the axial-vector coupling con-
stant at q =0, i.e.,

g =6~(0)=1.11,

1.0—

0.6—

EMIT+ EÃ+ Ey

6 d

dq q =p

which yields (r~ )' =0.59 fm. When the c.m. correc-
tion is considered, we obtain 0.64 and 0.62 fm, respective-
ly with methods I and II ~ The experimental value' is
0.68+0.02 fm. The bag radius A =0.95 fm has been used
in this calculation.

which is slightly smaller than the experimental value

g,"P'=1.262+0.005 "
The c.m. correction improves it by a factor of

(1+(p ) /3m ) and results in 1.34 and 1.28 with
methods I and II, respectively. The nucleon axial radius
can be obtained by

I l

1.0
R (fm)

l I

1.2 1.4

EMIT(R) 0 + ~ R3
R 3 A

FIG. 6. Bag energy vs the bag radius. The dotted curve
shows the result of the MIT bag. The dashed and solid curves
are obtained with the pion alone and pion plus vector mesons,
respectively.

VI. BAG ENERGY

3Q)p Z 4mB

3
(36)

Since the vector mesons are taken into account in the
present. model, it is very interesting to explore the eAects
of vector mesons on the bag energy.

In the limit of a static, spherical cavity, the energy of
the MIT bag is expressed as

E(R)=E ' (R)+E (R)+E (R),
by evaluating the diagram Fig. 5, where

(37)

When the pion and vector mesons p and cu are taken into
account, we can obtain the bag energy in the form

2
a~sk Uvs(k R )

E (R)= g j dk„
m~ S 0 Cgl (CO~S+CLl )

v
—2g2 - '

bxskv252I(kv) cxsk4vs02(kv)
E (R)= —g dk

12~ s 0 ~v(alxs+alv) mv02v(alxs+~v)2 V 2

(38)

(39)

Tllc values of a~s, b~s, and c~s ale glvcll hclow [Eq.
(28)]. Other functions are defined in Secs. III and IV.

The results are shown in Fig. 6. In this calculation we
have used Z' = 1.42 and 8 ' = 136 MeV. It is interesting
to see that the minimum radius goes down when the
mesons are involved. This arises from the mesons pres-
sure around the bag. We find the minimum nucleon mass
m&=940 MeV around the bag radius A =0.95 fm.

VII. CQNCI. USION

The present model is successful in reproducing the ex-
perimental results for the nucleon electromagnetic form

factors, axial form factor, magnetic moments, axial-
vector coupling constant, and the rms radii. It should be
stressed that vector mesons are very important for im-
proving the theoretical results; particularly the Wess-
Zumino term makes significant contribution to the pro-
ton magnetic moment.

In the present calculations, we have taken into account
the c.m. corrections only for the quantities determined at
the vanishing momentum transfer q =0. The c.m.
correction seems generally to be important in the low-
momentum-transfer region, and it may make appreciable
contributions to the electromagnetic form factors in the
small-momentum-transfer region, probably q ~ 3 fm. 2

However, no reliable method is available so far to evalu-
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ate the c.m. correction in the region of q&0; eA'ects of the
center-of-mass motion have been ignored in the present
calculations of the form factors, as was done in most
works published up to date. The stability of the bag is
well restored around R =0.95 fm in our model.
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