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The electromagnetic form factors of the nucleon are investigated by using the vector dominance
model (VDM) and the formulas that are proposed by Gari and Kriimpelmann (GK) to synthe-
size the VDM and perturbative QCD. We simplify and generalize the formulas given by GK. The

existing data of nucleon electromagnetic form factors are realized remarkably well.

Although the

incorporation of a QCD term improves the fit, the present experimental data on the form factors
are not accurate enough to exclude a simple naive vector dominance model.

PACS number(s): 13.40.Gp, 12.40.Vv, 14.20.Dh

Recently, experimental data for the electromagnetic
form factors have become accurate from low to high
squared momentum transfer t = Q2 [1-12]. For high
t, the magnetic form factors of nucleons decrease more
rapidly than the prediction of the dipole formula, Gp =
(1 4+ ¢/0.71) 2, where t is given in terms of GeV2. The
neutron electric form factor is very small up to t = 4
GeV2. For small t we may explain the experimental data
in terms of hadron dynamics, for instance, with recourse
to the vector dominance model (VDM) [13] or dispersion
theoretical calculations for the pion and nucleon system.
In the vector dominance model it is necessary to take
the p meson mass smaller than the experimental one by
20%. The following two possibilities were considered for
the small p meson mass. One is an explanation based
on hadron dynamics; the uncorrelated two-pion contri-
bution works in reducing the effective mass of the p me-
son [14]. The other is the incorporation of an additional
photon—p-meson form factor that effectively makes the p
meson mass smaller [15]. For larger ¢t we have the predic-
tion of perturbative QCD (PQCD), according to which
the charge and magnetic moment form factors F; and
F; are given asymptotically as Fy ~ t~2 In(¢/Q2)~" and
Fy ~t3 ln(t/Q(z))_’Yl where Qo, v, and +' are constants.
The experimental results for large ¢t seem to agree with
the prediction of PQCD.

Considering that the experimental data have become
very accurate and that in the near future ep collider ex-
periments will provide data for very high ¢, it is a problem
of importance to derive formulas that explain the form
factors for the low and high ¢ regions systematically. Fu-
ruichi and one of the authors assumed superconvergent
dispersion relations [16,17] for F; (¢ = 1,2) to synthesize
the low and high ¢ regions of form factors. They are able
to explain the experimental data very well, including the
recent SLAC data [9-12]. Gari and Kriimpelmann (GK)
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[18,19] proposed simple formulas, which show the VDM
for the low t region with p and w meson poles and for
the high t region PQCD behavior. Their formulas repro-
duce the magnetic form factor of the proton very well
but for the other form factors the agreement with new
experiments was not good.

It is the purpose of this paper to investigate the nucleon
electromagnetic form factor based on simple phenomeno-
logical formulas. First, we examine the VDM to see to
what extent the simple vector dominance model repro-
duces the experimental data throughout the low and high
t regions. Second, we investigate the effect of PQCD by
using the improved formulas of Gari and Kriimpelmann
with simplification of the QCD term and incorporation of
the vector bosons appearing in the Particle Data Group
book [20].

In the vector dominance model the charge and mag-
netic moment form factors of nucleons, Fy and Fj (I
being the isospin), are given as

FI(t) = PI(t) = ! —tzti’(%f)

(I=0,1;i=1,2). (1)

The M}’s denote the mass of vector bosons with isospin
I, at(Mk) are constants, and the normahzatxons of P}
at t = 0 are taken as c{ 1 and c2 = 2Kk, where Ky
is the anomalous magnetic moment with isospin I; kg =
(kp + Kn)/2 and k1 = (Kp — Kr)/2 with £, and &, being
the anomalous magnetic moments of proton and neutron,
respectively.

The following two constraints are considered on the
asymptotic behavior of P! for t — oco: (a) P{ — 0 and
tPf — 0; (b) tP{ — 0 and t2P§ — 0.

The constraint (a) leads to

Ny Ny
SaMy=1, > ax(M]) =2x1,
i=1 =1

Ny
S (MI)2ax(MI) = 0 .

=1
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To effect the constraint (b) the following additional con-
ditions are required:

N; Ny
S (MY (M]) =0, 3 (M) ax(M]) =

When the condition (a) is imposed, P/ are given in terms
of the independent parameters A, (M H(GE=1,...,Ny—
1) and A;(M}) (i =1,...,N; —2). We have

J

a & A (MF,)?

Pl (4) = [1—t§t+ ]t+(MI 2 (2)
Ni—2 1)

PI® ) = [2n,—t Z ti (AA;II)Z]

O oy
£+ 0, )+ (ME)7]

For the case (b) P/ are expressed as

(3)

(My, 1)*(My,)*

N —_
I(b) [ ¢ IZZ A, MI)

I(b
Pz( )(t)=

t+ (MDE | e+ (M, )]l + (M3, ) )
i ] (k)" (M, M) o
e+ (MI)2 ] e+ (0, )it + (M, )7l + (35, 7]

N;—-3 I
e S 0t

For the vector dominance model we examine the cases
with conditions (a) and (b); the charge and magnetic

moment form factors are given by Ff = P,L.I(a) or Ff =

P/®.
Let us now give the formulas which satisfy the predic-

tion of PQCD for large t. We simplify the QCD factor
and generalize the pole terms in the Gari-Kriimpelmann
formulas. The form factors are

Fl(t) = P/ )PP (1) , (6)

where K = a,b for ¢ = 1, 2, respectively, and

FQCP(4) = A2+t[ln(t5;2)/ln<%%)r . (N

Here Qo and v = 2 4+ 4/(33) with 3 given as 8 = 11 —
2ny/3. The number of flavors is n; = 6. The proton and
neutron form factors are F} = (F? + F}!)/2 and F =
(F2 — F})/2 and the electric and magnetic form factors
of nucleon N, G¥ and GY, are G¥ = FN —tF} /(4m?)
and G}, = FN + F} with m the nucleon mass.

We analyze experimental data by using the VMD and
our improved formula of Gari and Kriimpelmann, to as
the Watanabe-Takahashi (WT) formula referred here-
after. Totally, we use 172 data on the nucleon elec-
tromagnetic form factors, the compilation of world data
summarized in Ref. [17]. In this calculation we take
account of the following vector bosons: for the isovec-
tors p(770), p'(1450), p"(1700), and the unconfirmed
one p”’(2110) and for the isoscalars w(783), w’(1390),

w'(1600), #(1020), and ¢'(1680). The number given in
parentheses denotes the mass of vector bosons in MeV.
We enumerate the vector bosons in the order given above
in applying the formulas (2)—(5). We examine the follow-
ing cases for the number of vector bosons: Ny = 3 and
4, and Ns = 3 and 5. The case of Ns = 3 implies that

the Okubo-Zweig-lizuka (OZI) rule is strictly valid and
the couplings of the ¢ and ¢’ mesons to the nucleon are
neglected.

The parameters are determined by minimizing x2. We
summarize in Table I the x2 values for the above men-
tioned cases. As we have remarked before, the p meson
mass is taken as an adjustable parameter and is changed
in the interval 0.60-0.77 GeV. In the case of the WT for-
mula, A appearing in (7) is taken as a parameter and
is changed in the interval 0.5-5 GeV. The best fit is ob-
tained for A ~ 1 GeV. In the WT formula the parameters
are A(MiI), the p meson mass, and A. The QCD param-

TABLE L. x? values vs the number of vector bosons Ny
and Ns and the p meson mass m, for the VDM and WT
formulas. (a) Vector dominance model. (b) The improved
GK Formula: the WT Formula. A is the parameter appearing
in (7).

(a)

Ny Ns mp Xoin Xx2nin/NDF
VDM(a): F;1 — 0, tF2 — 0 for t — oo

3 3 0.63 356.8 2.22

4 3 0.60 264.5 1.63

3 5 0.65 205.3 1.28

4 5 0.64 201.6 1.27

VDM(b): tFy — 0, t*F; — 0 for t — oo

3 3 0.60 492.3 2.91

4 3 0.60 457.1 2.74

4 5 0.64 214.5 1.32

(b)

Nv Ns mp A Xmin Xinin/NDF
3 3 0.60 1.5 465.0 2.78
4 3 0.60 1.0 200.7 1.24
3 5 0.60 1.0 177.9 1.13
4 5 0.63 0.8 174.5 1.10
4 5 0.7681 1.0 180.3 1.13
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TABLE IIL. A;(M}) appearing in (2)—(5). (a) A1(M]) and A2(M]) for the VDM. (b) A;(M])
and Az(M]) for the WT formula. The dashes mean that there is no corresponding A;(M]).

(a)
VDM(a) VDM(b)
M} m, = 0.64 GeV m, = 0.64 GeV
(GeV) Ay (M) A (M) A, (M) Ax (M)
p(m,) 0.8451 4.0564 0.4009 3.5223
p(1.465) ~0.0548 —0.1994 0.5092
p(1.700) 0.2250
p(2.110)
w(0.783) 3.8458 0.1118 1.8847 —0.2760
w'(1.394) 9.2941 1.3958 —4.8003 0.0879
w"(1.549) —5.6236 —2.0204 3.8150
¢(1.020) —6.5428
¢'(1.680)
(b)
WT1 WT2 WT3
M} m, = 0.60 GeV m, = 0.63 GeV m, = 0.7681 GeV
(GeV) A1 (M) A2 (M) A (M) Az (M) Ay (M) Az (M)
p(m,) 0.6866 2.4861 1.7345 1.6834 2.0173 3.5925
p'(1.465) —2.1712 —1.0536 —13.0701 —2.5905 —11.1483 —2.1433
p"(1.700) 0.8580 9.0132 8.8659
p'"(2.110)
w(0.783) 1.3669 0.0249 3.1114 3.7354 6.0116 3.3699
w'(1.394) —1.3466 41.6280 —22.0795 47.5315 —25.0373
w"(1.594) —32.9222 17.9500 —34.3330 22.3358
#(1.020) —13.5000 —19.8864
¢'(1.680)

eter Qo is fixed at 0.2 GeV.

We give in Table II the values of A;(M}) for the VDM
and WT formulas for the following cases. For the VDM:
VDM(a), VDM with the asymptotic condition (a) for
Ny =4, Ns = 5, and m, = 0.64 GeV; VDM(b), VDM
with the condition (b) for Ny = 4, Ng = 5, and m, =
0.64 GeV. For the WT formulas: WT1, Ny =4, Ng =3

and A = 1 GeV. The residues a; at the poles of Pj(a) are

evaluated by using A;(M]) that are given in Table II.
We illustrate our numerical calculations in Figs. 1-4
for VDM(b) and WT3. We also enter in the figures the
calculation by GK. The simple vector dominance model
realizes the experimental data for cases (a) and (b) if
we take Ny = 4 and Ns = 5 and the p meson mass

for m, = 0.6 GeV and A = 1.0 GeV; WT2, Ny = 4,
Ng = 5 for m, = 0.63 GeV and A = 0.8 GeV; WT3,
Ny =4, Ns = 5 with m,, kept at the experimental value

m, ~ 0.6 GeV. We note that in the VDM it is neces-
sary to take Ng = 5, namely, the ¢ and ¢’ mesons are
required to fit the data. Although the experimental data
are reproduced fairly well via case (a), the asymptotic

ok T T T T conditions may not be acceptable, because in the high ¢
’ region the ratio of the calculated electric and magnetic
L . /
1-0 —#%Mw T + ¢ !
S
$t ]
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FIG. 1. G%,/(¢k?Gp). The solid curve is the calculation
by WT2 with Ny = 4, Ng = 5, m, = 0.63 GeV, and r VDM(b) \ 1
A = 0.8 GeV; the dashed one is the GK formula [18]; and 0.4 Ll R T S N
the dash-dotted one VDM(b) with Ny = 4, Ns = 5, and 0.1 o 10 2gevie O 1000

m, = 0.64 GeV. o: Borkowski et al. [7]. e: Price et al. [2].
V: Ch. Berger et al. [3]. A: Bosted et al. [10]. O: Bartel et
al. [4]. m: Sill et al. [12].

FIG. 2. G%/Gp. x Walker et al. [9]. The dashed curve is

the calculation by GK model 3 [19]. See the caption of Fig. 1.
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FIG. 3. G% /(1" Gp). The dashed curve is the calculation
by the GK formula [18]. See the caption of Fig. 1. A: Rock
et al. [8]. A: Lung et al. [11]. [: Bartel et al. [4]. o:
Noncoincidence data cited in Bartel et al. [4]. ¢: Combined
analysis; Stein et al. [1] and Bartel et al. [4].

form factors to the dipole formula increases. By using
the factorized formulas (6), where the PQCD constraints
are satisfied asymptotically, we may improve the fit re-
markably as illustrated in Figs. 1-4. In this case, it is
possible to reproduce the experimental data by leaving
out the couplings of ¢ and ¢’ mesons to the nucleon, but
the results are improved by incorporation of the couplings
of ¢ mesons to the nucleon. The x? value becomes con-
siderably smaller; x2, /Npf = 1.10 for Ny = 4, Ng = 5,
while x2;./Npr = 1.24 for Ny = 4, N5 = 3. The cases
VDM and WT1 reproduce the experimental data very
well except for G% in the small ¢ region less than 0.1
GeV?; the calculated result becomes a little larger than
the experimental data of G%, and consequently x? be-
comes large. It must be noticed that in the WT formulas
we are able to reproduce the experimental data quite
well by keeping the p meson mass at the experimental
value as is shown in Table I(b). In this case the factor
FQCD in (6) works as an additional incorporation of the
photon—p-meson form factor as in Ref. [15]. Although
the assumption of PQCD behavior for the form factors
greatly improves the results, information at higher mo-
mentum transfer is required to draw the conclusion that

T — T T
‘/
1.0 /l J
= I GK /
& /
cw r I,
O 1
~ r 1
/
0.5 / -
i * ' wT2
,/
% VDM(b) _._.]
L ' L] o 1
0 *D—ﬂ,--?;,\ } \‘T ‘ l =
1l il bl I T
0.1 1.0 10.0 100-0
0%(Gevic)?

FIG. 4. (G%/Gp)*. The dashed curve is the calculation by
GK model 3 [19]. o: Bartel et al. [4]. o: Hanson et al. [5].
A: Lung et al. [11].

the contribution from vector boson poles vanishes asymp-
totically so that the effect of PQCD actually dominates in
the large t region for the nucleon electromagnetic form
factor. In this paper we have simplified the QCD fac-
tor as given by (7) to reduce the number of parameters;
however, we may perform similar calculations by using
the same function for Focp that was proposed by Gari
and Kriimpelmann. By taking account of observed vec-
tor bosons in the original GK formula, the experimental
data are parametrized very well throughout the low and
high ¢ regions; we have x2, /Npr ~ 1.0. When exper-
imental data of form factors in the region t above 100
GeV? become available, it will be necessary to elaborate
the QCD factor by considering higher order effects, etc.

The factorized formula of the VDM and FQCP given
by (6) is analogous to the form factor version of the
Veneziano amplitude, given by Di Vecchia and Drago
[21], which represents the dual nature of Regge pole and
vector bosons. The formula is an interpolation of the
VDM and PQCD, and it implies the existence of dual-
ity in the vector boson resonances and the quark-gluon
system.

The authors wish to express their gratitude to Profes-
sor S. Furuichi for the valuable discussions and comments
throughout this work.

[1] P. Stein et al., Phys. Rev. Lett. 16, 592 (1966).

(2] L. E. Price et al., Phys. Rev. D 4, 45 (1971).

[3] Ch. Berger et al., Phys. Lett. 35, 87 (1971).

(4] W. Bartel et al., Nucl. Phys. 58, 429 (1973).

[5] K. M. Hanson et al., Phys. Rev. D 8, 753 (1973).

[6] P. Stein et al., Phys. Rev. Lett. 16, 592 (1966).

[7] F. Borkowski et al., Nucl. Phys. A222, 289 (1974); B93,
461 (1975).

[8] S. Rock et al., Phys. Rev. Lett. 49, 1139 (1982).

[9] R. C. Walker et al., Phys. Lett. B 224, 353 (1989).

(10] P. E. Bosted et al., Phys. Rev. Lett. 88, 3841 (1992).

[11] A. Lung et al., Phys. Rev. Lett. 70, 718 (1993).

[12] A. F. Sill et al., Phys. Rev. D 48, 29 (1993).

[13] S. Dubnitka, Nuovo Cimento A 100, 1 (1988).

[14] S. Furuichi and K. Watanabe, Prog. Theor. Phys. 35,

174 (1966); S. Furuichi, H. Kanada, and K. Watanabe,

ibid. 38, 636 (1967).

[15] T. Massam and A. Zichichi, Nuovo Cimento A 43, 1137
(1966).

(16] S. Furuichi and K. Watanabe, Prog. Theor. Phys. 82,
581 (1989).

[17] S. Furuichi and K. Watanabe, Prog. Theor. Phys. 83,
565 (1990); 92, 339 (1994).

(18] M. Gari and W. Kriimpelmann, Z. Phys. A 322, 689
(1985); M. F. Gari and N. G. Stefanis, Phys. Lett. B
187, 401 (1987).

[19] M. Gari and W. Kriimpelmann, Phys. Lett. B 274, 159
(1992); 282, 483(E) (1992).

[20] Particle Data Group, K. Hikasa et al., Phys. Rev. D 45,
S1 (1992).

[21] P. Di Vecchia and F. Drago, Lett. Nuovo Cimento 1, 922
(1969).



