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Vector resonances and electromagnetic nucleon structure
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Motivated by new, precise magnetic proton form factor data in the timelike region, a hybrid
vector meson dominance (hVMD) formalism is employed to investigate the significance of excited
vector meson resonances on electromagnetic nucleon structure. We find that the p(1700), w(1600),
and two previously unobserved states are required to reproduce the local structure seen in the new
LEAR data just above the pp threshold. We also investigate sensitivity to the ¢ meson. The model
dependence of our result is tested by introducing an alternative model which couples the isoscalar
vector meson states to a hypothetical vector glueball resonance. We obtain nearly identical results
from both models, except for G (g?) in the spacelike region which is very sensitive to the glueball

mass and the effective NN coupling.

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

I. INTRODUCTION

Nucleon structure is a topic of fundamental impor-
tance in nuclear physics. The distribution of quarks and
gluons bound by nonperturbative interactions inside the
nucleon give rise to a complicated many-body structure
which, except for very short distances where perturbative
QCD (pQCD) applies, is up to the present time unsolv-
able from first principles. In order to make progress in
understanding the nonperturbative features of nucleon
structure, one has to resort to calculations based on phe-
nomenological models.

Our analysis is motivated by new timelike pro-
ton magnetic form factor data which has been deter-
mined recently from measurements of the exclusive cross
section for electron-positron production (annihilation)
by proton-antiproton annihilation (production), pp +
ete~. The new precision data has been obtained for
momentum transfers in the region 8.9 GeV? < ¢% <
13 GeV? (Fermilab E-760) [1] and in the vicinity of the
proton-antiproton threshold (LEAR PS170) [2]. There
is also new, but less precise timelike data (including one
G7% point) from the FENICE experiment [3]. Pertur-
bative QCD (pQCD) calculations are usually compared
with data for spacelike momentum transfers larger than
Q% ~ 10 GeV? [4,5]. The new Fermilab E-760 data con-
firm the predictions of perturbative QCD for the slope of
magnetic form factor in the timelike region [1]. Several
versions of the vector meson dominance (VMD) model
[6-11], on the other hand, predict a slope of the mag-
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netic form factor of the proton at the proton-antiproton
threshold which is about five times smaller than the new
low energy antiproton ring (LEAR) data. Given the ap-
parent failure of the vector meson dominance model and
the success of pQCD, the data have been used to derive
a running coupling constant in the timelike region [1].

Ideally, one would like to calculate the nucleon form
factors in terms of the underlying quark interactions. A
quark model which incorporates the chiral symmetry of
QCD, the Nambu Jona-Lasinio (NJL) model [12], has
been developed quite successfully in recent years (reviews
can be found in Refs. [13] and [14]). Generalizations of
the model are able to generate nucleon and meson form
factors [15,16] in good agreement with the experimental
data for small spacelike momentum transfers. At large
spacelike momentum transfers, however, a logarithmic di-
vergence develops (see Fig. 7 of Ref. [17]), and the model
must be regulated in some way. In the timelike region,
applications of the NJL model are limited to relatively
small excitation energies, because the model does not
confine [14,18]. There are, of course, other microscopic
models which have been successfully developed (such as
constituent quark, skyrmion, bag models, etc.), each with
its own set of virtues and shortcomings.

A less fundamental approach is to employ effective
meson-nucleon interactions to study nucleon structure,
especially in the timelike region where resonance phe-
nomena is important. In this work, we investigate the
effects of excited vector resonances on the electromag-
netic nucleon form factors. Since the focus of this pa-
per is on the timelike resonance structure of the nucleon,
we neglect the evaluation of nonresonant meson loops
which primarily effect the behavior of the spacelike form
factors [19]. We employ a hybrid vector meson domi-
nance (hVMD) formalism, which is a generalization of
the model developed by Gari and Kriimpelmann [20].
The model provides a smooth transition from the low-g¢2
behavior predicted by VMD to the high-g? scaling be-
havior predicted by pQCD. The essential contribution of
this work is to incorporate both timelike and spacelike
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nucleon form factor data to determine the role of ex-
cited vector resonances which can be neglected in anal-
yses based only on the spacelike data (such as in Ref.
[20]). Although in this analysis we limit ourselves to a
phenomenological model, we note that with the advent of
new and forthcoming high quality data [1-3,21], there is
a great opportunity and challenge for theorists to develop
more realistic microscopic models.

In this work, we assume that the behavior of the data
just above the pp threshold is due to the effect of two
nearby (previously unobserved) vector meson resonances
(one below and one above threshold). We assign the
isospin such that the lighter state is an isoscalar (w”)
and the heavier state is isovector (p”). The masses, decay
widths, and effective couplings of these states are treated
as adjustable parameters. All other vector meson states,
the p(770), w(784), ¢(1020), w’'(1600), and p'(1700) are
given their physical masses and widths, each having two
effective couplings (vector and tensor) which are fitted.

II. HYBRID VECTOR MESON DOMINANCE

The basic assumption of hVMD is that the physical
photon couples to the nucleon in either a hard perturba-
tive mode (the direct term) or mediated by vector meson
intermediate states (see Fig. 1). The electromagnetic nu-
cleon form factors are defined by the usual current matrix
element:

' 1751 p) = F u(@)Fi (e

FIG. 1. Hybrid vector meson dominance picture of a phys-
ical photon coupling to the nucleon.

where the index ¢ =IS,IV labels the isospin (0 or 1). The
corresponding isospin operators are Z;s = 1 for isoscalar
and Iy = 73 for isovector particles. g2 = (p’ — p)? is the
invariant momentum transfer of the photon, and g;/2 is
the vector meson nucleon coupling constant. The Sachs
electric and magnetic nucleon form factors are the stan-
dard linear combinations of the isospin form factors:

G (@®) = F' () + F}' (&%) (2)
Y@ = FN @) + @) | )
where N = p,n for the proton or neutron and
P (@) = 5[ @)« FV (@) )
B (@) = 3l s FB@) £ i FV @) ], (9)

with the positive sign taken for the proton and negative

i, (p' — p)” i 2 sign for the neutron. Evaluating the diagrams of Fig. 1
— o K; ] e Lo
+ 2M riF3 ()] Tiulp) (1) we obtain the hVMD isospin form factors of the nucleon:
J
v o0 0" M2 v v
F 2y — C ’V F 2 + CI el 2 , 6
M= | Y o (soarimrve) @) | ¥ AR @) ©)
IS¢ 2 e M Vi 2 IS Y (2
= C F, C°F, , 7
e = | 3 o (ppranrem) B @ | ¢ OEHE ™
v gay M 4 IV ~IV
F;V(¢%) = C FY (¢® C)VF} (¢® 8
W@ = | 'Y w0y (s pranrvem) F @ | + A EE ®)
w,w' w',¢
FIS 2y — C FV 2 ISCISF7 2 , 9
Kis F2” (%) ; Ky Ly M{‘; — @2+ iMyTyO(g?) y (9%) +ry Oy (a°) (9)
[
where Cy = gy /fy is the effective coupling constant, w,w'w',¢
with fy the vector meson leptonic decay constant. The C,IYS =(1- Z Cy) , (11)
four effective couplings of the direct photon terms are v
determined by the charge and magnetic moment normal- p.p' 50"
izations: VOV = (Ky — Z k,Cv) , (12)
v
po' 0" ww' w',e
clV=0a- )Y ov), (10) KECS = (ks — Y, K, Cv), (13)
v v
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FIG. 2. Cartoon of a vector meson to glueball transition
which subsequently couples to the nucleon. The meson to
glueball transition is possible due to the intrinsic quark struc-
ture of the vector meson intermediate states. A glueball state
will give the vector meson nucleon vertex function a resonance
enhancement near the glueball mass.

so that
G%(0) =1, GR(0) =1+ F(ks +Ky) (14)
n 1
fé(o) =0, M(O) = 5(""’13 - K‘IV) . (15)

The direct coupling form factors (Fy,) are chosen such

that the low-¢?> behavior is given by a p-dominance
monopole with a transition to the correct pQCD scal-
ing behavior at high ¢2 [20]. The vector meson to quark
transition scale is set by the parameter A:

) = | M2+ TS) VRO \m
n\q )= (q2—M3)2+(Mpr)2 /\2+|q2|

(n=1,2). (16)

The specification of the vector meson nucleon vertex
function is a model dependent assumption. Following
Gari and Kriimpelmann, in our first model (M1) we take

Mi: FJ(®)=Fl(¢) (=12 (W). (17)
Because the vector mesons have intrinsic quark (color)
structure, an interesting possibility exists for transitions

to gluonic resonances (glueballs), (see Fig. 2). To in-
vestigate the potential influence of a vector glueball on
EM nucleon structure, we allow for such a resonance and
test its effect on the form factors and the stability of the
hVMD parametrization (i.e., test the model dependent
sensitivity of the effective couplings). If a glueball exists,
it should be an isosinglet, hence our second model (M2)
enhances the effective isoscalar couplings by producing a
gluonic resonance in the meson-nucleon vertex function:

M2: FBS(g) = My F2(q%)
— n MZ = +iM,T,0(¢?) | "

(Vis) , (18)

(n=1,2)

FY(®)=Fl(@®) (=12 (Yv), (19)
where the glueball-nucleon vertex function is param-
etrized by a monopole:

F2(q? Ay 1,2 20
All of the isospin form factors and vertex functions are
normalized to unity at ¢> = 0 so that the charge and
magnetic moment normalizations of the nucleon are pre-
served. We note that the glueball couplings in the M2
parametrization have been absorbed into the effective iso-
scalar coupling constants. We allow for a nonzero ¢-
nucleon coupling in both models since the OZI rule may
be violated if, for example, the nucleon has a nonzero
(s3) distribution.

We summarize the parametrizations of models M1 and
M2 in Table I. A single valued entry in any column is
common between M1 and M2. The effective couplings
appear to be relatively insensitive to the hypothetical
glueball, except for the couplings of the ¢ meson. We
note that the M1 parametrization approximately satis-
fies:

cV=1, c¥=0, (21)

TABLE I. Parameters of the hybrid vector meson dominance models M1 and M2. The direct
Fy', form factors have scale parameter A = 2.0 GeV and the glueball functions F{, have A; = 1.0
GeV. Also, Kk, = —0.12 and k;,, = 3.706 are fixed by the proton and neutron magnetic moments:
pp =1+ (ks +5Ky ), pn = 2 (Kig — Ky ). Masses and widths of speculated states were fit (underlined

values). The starred values were fixed by low energy mN scattering analyses [27,28], and the
numbers in parentheses are the physical, experimental masses, and decay widths of well-established
resonances.
Cv Ky My (GeV) I'v (GeV)

v M1 M2 M1 M2 Ml M2 Ml M2
p 0.4 6.10* (0.776) (0.153)

o' -2.0 0.1 (1.70) (0.235)

p" 1.6 0.2 2.15 0.22

w 0.2 0.14* (0.784) (0.010)

W' 1.2 0.3 (1.60) (0.100)

w" -0.3 -0.1 1.85 1.83 0.01

$ -0.1 03  -20 3.0 (1.02) (0.004)

g - 1 - 1 - 1.5 - 0.2
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which by Eqgs. (10)—(13) implies the following sum-rules
on the vector meson couplings:

P, 0"
Cy =0, (22)
\4
w,w' W',
Cy =1, (23)
\ 4
w,w' w',¢
k,Cv = K (24)

The physical interpretation is that the net isovector
charge on the nucleon is due to its quark structure (im-
plied by the direct photon coupling), whereas the nu-
cleon’s net isoscalar charge arises due to its coupling to
the isoscalar vector mesons. Although these sum-rules
are empirical, they could be assumed as a constraint in
the fitting procedure to eliminate three degrees of free-
dom in each parametrization.

In Table II, we compute the contribution of each me-
son state to the the net charge radius of the proton and
neutron from the relation:

N (2
(r?y = GwaEiq(f) - (N =p,n), (25)
IS IVq N
=[Z:{:Z:|r12v(V) , (26)
\ 4 \ 4

where the positive/negative sign corresponds to the pro-
ton/neutron. Taking the derivative of G¥ (¢?), we find
the expression (for model M1):

1 K 1 1
2 v
r(V)=3CV[—+ +(———+—)] , (27)
N Mz 4M% M2 A2
which we use to evaluate the elements of Table II. Note
the strong cancellation between the p' and p” isovector
states. Also, it is interesting that since we find C,, <<
C., the w'(1600) resonance contributes more strongly

to the net isoscalar radius than the substantially lighter
ground state w.

TABLE II. Charge radius contributions from each vector
meson resonance for model M1. The net charge radii of the
proton and neutron, given by Eq. (26), are (rZ) = 0.67 fm?
and (r2) = —0.096 fm?.

14 r2 (V) (fm?)
p 0.248
o -0.534
p" 0.408
Yiv 0.261
wri (V) 0.383
w 0.084
W' 0.311
w" -0.076
¢ -0.031
s -0.001
vri(v) 0.287
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FIG. 3. Model M1 proton magnetic form factor, G, in the
spacelike region. The data are from Ref. [25].

In Figs. 3 and 4 we display our M1 model result
for G%,(g?) in the spacelike and timelike regions, respec-
tively. We plot M1 in the spacelike region for G%;(¢?) and
G%(¢?) in Figs. 5 and 6, respectively. The parametriza-
tion gives a very good account of the available data.
Our primary result is that we find the excited vector
meson states p’(1700), w’(1600), p”(2150), and w" (1850)
are necessary to give a detailed account of the G%, data
just above the pp threshold. The p'(2150) and w”(1850)
are previously unobserved states which are not neces-
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FIG. 4. Model M1 proton magnetic form factor, G%, in the
timelike region. The data are from Refs. [1-3].
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FIG. 5. Model M1 proton electric form factor, G%, in the
spacelike region. The data are from Ref. [25].

sarily vector mesons (e.g., a pp molecular resonance or
bound state, glueballs, etc.). Within a phenomenologi-
cal framework, it is impossible to address the structure
of these additional states, however, this analysis does at
least provide support for their existence. In Figs. 7-9
the M2 model prediction is shown to be nearly iden-
tical with the M1 result in the physical region of the
pp + ete™ reaction, but substantially different below the
pp threshold. Note the enhancement of the isoscalar vec-
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FIG. 7. Global view of models M1 and M2 for the proton
magnetic form factor, G%,. The data are from Refs. [1-3,25].

tor meson peaks in model M2. Our final result, displayed
in Figs. 10 and 11, shows a comparison of both model
predictions for G (g?) in the spacelike and timelike re-
gions respectively. In the spacelike region of G7%, we also
plot a parametrization of the most recent data deduced
by Platchkov et al. [22] from an analysis of the elastic
deuteron d(e, e’) reaction (with an extraction based on a
Paris potential deuteron wave function). Platchkov used

the empirical form:

1.0 T T ———— T T — 10 T T
I
|
— Ml
08 - 8- T M2
06 y 6r
=
= o
o
& o
GEOA r - O 4+
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02 r b 2 f
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0.01 h 0
1 1 1 1 1 1 1 1 - - 1 1 1 1 1 1 1 1 1
-10 -9 -7 -62 -5 2—4 30020 -1 0 S5 4 3 2 -1 0 1 2 3 4 5
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q (GeV") q (GeV")

FIG. 8. Global view of models M1 and M2 for the proton

FIG. 6. Model M1 neutron magnetic form factor, G3; in
electric form factor, G%,. The data are from Ref. [25].

the spacelike region. The data are from Ref. [26].
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FIG. 9. Global view of models M1 and M2 for the neutron
magnetic form factor, G3;. The data are from Ref. [26].

(@) = —apun T Gp(¢®) (1 +br)™ 1, (28)

with @ = 1.25, b = 18.3, p, = —1.913, 7 = &, and
Gp(q?) is the standard dipole parametrization of G%(g?).
We note that there is a large variation in the Platchkov
parametrization of G% depending on the model deuteron
wave function [22-24]. In both models, G% is sensitive

0.1 T T T T
— Ml
------ Ml (no ¢)
008 M .
—— M2(no ¢)
O —— Platchkov Parametrization
0.06
NA
o
=v
&'oos
0.02 o9
0.0
n L . L
-1.0 -0.8 0.6 -0.4 0.2 0.0
2 2
q (GeV")

FIG. 10. The spacelike neutron electric form factor, G% for
both models M1 and M2. Note the sensitivity to the ¢-meson
coupling. The data are from Refs. [22-24].

0.0 : "
0.1 — M

----- M2
02

35 4.0 4.5 5.0
q’ (GeV?)
FIG. 11. The timelike neutron electric form factor, G% for
both models M1 and M2. The data point is from Ref. [3].

to the effective ¢-nucleon couplings. We note that the ¢
meson does not significantly enhance the quality of our
fits to the other form factors and only has a potentially
observable effect on spacelike G%. An interesting result is
that the M2 model result for G% in the spacelike region
shows a large sensitivity to the glueball mass, which we
have arbitrarily taken to be My = 1.5 GeV. We observe
(but do not show) that the glueball state tends to en-
hance/suppress G for large/small M,. The sensitivity
we observe due to the ¢ meson and glueball is largely aca-
demic since it is probably not possible to extract infor-
mation unambiguously about these novel contributions
to the isoscalar current with only one observable (G%),
especially since the spacelike behavior is affected by other
mechanisms (such as meson loops, which have been ne-
glected here). The most general conclusion to be drawn
is that G% is very sensitive to isoscalar admixtures and
caution should be taken when trying to assess relative
contributions from different mechanisms. In any event,
we anxiously await new precision data for spacelike G
from CEBAF [21] which will challenge and help theorists
to build more realistic, quantitative models of nucleon
structure.

In conclusion, we have investigated the effect of vector
resonances on the electromagnetic nucleon form factors
in both spacelike and timelike momentum transfer re-
gions. The local behavior of the new LEAR data just
about the pp threshold suggests the existence of two new
vector meson resonances with masses around 1.85 GeV
and 2.15 GeV (which we denote w” and p”, respectively).
Also, we find large effective couplings for the w’(1600)
and p’(1700) resonances. The model parameters seem
to be stable with respect to specific model assumptions
(such as the existence of a glueball, its mass, and the
form of the vector meson nucleon form factor). Because
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of large cancellations between the various excited vector
mesons, the net effect is only a modest contribution to
the spacelike behavior, and hence models neglecting these
excited states (such as in Ref. [20]) can produce similar
spacelike results. Although largely an academic exercise,
the novel (speculative) ¢-meson and glueball mechanisms
studied in this work enhance our appreciation for the gen-
eral complexity of nucleon structure and hence the im-
portance of precision measurements which are scheduled
to be performed at CEBAF in the near future [21].
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