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ABSTRACT - T

We show that an extended vector dominance model which incorporates quark
dynamics at large Q2 via perturbative QCD gives an excellent description of
existing data on elastic electron-proton/neutron cross-sections. Results of a si-
multaneous fit of the nucleon form factors GK}':E to the cross-sections are given.
Information is obtained about the QCD-scale parameter Aggp, as well as on
the range of applicability of perturbative QCD calculations. Constraints on the

hadronic wavefunctions are also obtained.



One of the fundamental aims in physics is the understanding of the structure
of the nucleon. Electromagnetic interaction gives us a unique tool for its investi-
gation. Concerning the elastic electron—-nucleon scattering the properties of the

nucleon are hidden in the four structure functions G’EZ'M(QZ).

It is believed now that the theory of strong interaction is given by quantum
chromodynamics {QCD).! Perturbative QCD can be applied to exclusive proceses
at large momentum transfer.2® One of the questions to be answered is down
to which momentum transfer @? perturbation theory can be applied, and in
which range of momenfum transfer we can still obtain valuable information by

comparison with experiment. The answer to that question is still controversial.4

We know that at low momentum transfer |@Q?| < 1 GeV?/c? the application
of meson dynamics leads to a satisfactory description of hadronic form factors
and interactions.® As long as one cannot handle reliably QCD at low momentum
transfer we have to face the problem of synthesizing both pictures — meson-
dynamics at low Q? - perturbative QCD at asymptotic Q2. The problem arising
here can be exemplified in the structure function of the rho-nucleon interaction.
We know from a strong interaction coupling scheme® that the structure func-
tion of the tensor interaction, for example, follows at low Q2 to a very good
approximation a monopole. Extrapolating this information to high Q% would
lead to an asymptotic behavior of Q2. Perturbative QCD tells us that this is
completely off.> Here we expect a behavior of Q¢ (up to log-corrections). Sim-
ilarly, of course, we go completely wrong by simply extrapolating perturbative
QCD results to low Q2. Obviously there is a dramatic change from low to high

momentum transfer.

In the present note, we show that a semiphenomenological synthesis of both®
— meson and quark dynamics — is able to give a satisfactory description of existing
experimental information. In addition valuable information on high momentum

quantities is obtained.



According to our knowledge of a physical photon we understand its effective
interaction with the nucleon being composed of two pieces: (i) a direct interaction
with the nucleon and (ii) a term involving vector mesons (Fig. 1). In the time-like
region (¢ > 0), the meson contributions are of course dominant near the meson
poles (origin of vector meson dominance’ (VMD)). However for ¢ < 0 where the
intermediate mesons are far off-shell the direct contributions are not negligible
(extended vector meson dominance® (EVMD)). We define the form factors of the
vector—particle nucleon interaction in the usual way by:
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for isovector particles o and correspondingly for isoscalar ones (replace 73 — 1).
da/2 denotes the coupling of vector — particle — nucleon interaction at ¢ = 0,
Ko i8 the ratio of tensor to vector coupling at £ = 0. Throughout we consider

space-like momentum transfer t.e., t = ¢2 = (p’ — p)? = —Q? < 0.

Assuming a common vector and tensor form factor F; and F; respectively for
all vector particles s.e., Fy = F{ = F{ = F] and F, = F§ = F§ = F, the em.
nucleon form factors for a physical photon are given by extended vector meson

dominance by:
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with Ky = 3.706, ks = —.12, m, = .776 GeV, m, = .784 GeV. m2/f, is the

coupling of the photon to the vectormeson (a = p, w).



In deriving Eq. (2) we considered a complete decoupling of the ¢-meson from
the nucleon t.e., g4 = 0 according to the Zweig rule. This is not necessary but
the experiment does actually favor this. Heavier vector mesons are not taken
into account because of suppression of the coupling constants. It is actually not
necessary to consider common form factors for isoscalar and isovector particle
nucleon form factors. The comparison with the data, however, shows that they
are very close and more precise data are necessary to distinguish between F, F’.
Similarly, we used the simple expression for the meson propagators. Width effects

do not show up to be important.

The electric and magnetic form factors Gg and Gy are given by:

2
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for the proton and accordingly for the neutron (p — n).

The proton/neutron Dirac and Pauli form factors are:

Fr=2(F+rY) 5 Fr=1(FS-FV)
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(4)
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Apart from the form factors Fy, F2, Eq. (2) contains only low-energy quantities.
The crucial connection between meson-dynamics and quark dynamics is therefore
hidden in these functions. The low momentum (Q? < 1 GeV?/c?) dependence
of Fi, F; is known from meson physics to be to a very good approximation of
monopole type:®

low Q2

o 4
A+ Q7

Fi~F; ~ with A; ~ 0.8 GeV . (5)

The high Q2 behavior for nucleons can be calculated in perturbative QCD:3
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large Q?

2
1
Fy ~
Q?log (Qz/AZQGD) (6)
R
Fy ~ Q—;

For the interpolation between low and high Q2 it is convenient to use a simple

form:
A2 A2
F 2 — 1 __. 2 _
2 2 2 (@)
A A
F 2 — 1 __. 2 _
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with

. A2 + 2 A2
Q2 = Q2 log ( 12\2 Q )/log (A—ZZ_
QCD QCD

For A2 > A? we realize that we recover the low-momentum behavior for the
functions Fy, Fy, as well as the high Q? behavior as predicted by QCD.

In order to understand the role of Ay, Agcp it is instructive to consider the
different limits in more detail:
Q’ < A% : Fy, F, are completely dominated by
meson dynamics. Fy, F, — monopole.
Q> A% : Fy, F, are completely dominated by quark dynamics.
Fy, F; follow the asymptotic QCD predictions.
Fi—AJA3/Q*  ,  Fr— AlAY/QS

Comparison of the value A%A% with experiment will give us information on the
quark wavefunction of the nucleon.
@>~AZ : Around this momentum transfer both -

meson and quark dynamics — will be important.
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Due to the additional power suppression of Q2 in the méson propagator the
meson terms die out rather fast as Q2 increases and we are left with the direct
photon nucleon coupling terms which gives the correct asymptotics for the e.m.
nucleon form factors. Note that apart from the quantities A2 and Aggp which
determine the medium and high momentum behavior of the electric and magnetic
nucleon form factors, we have only low energy quantities involved, most of which
are known. For example, SU(3)r determines g,/g, = sin8/v/3, g4 = 0 for
0 near ideal mixing angle, x, and «, are known from pion-nucleon scattering:
K, = 6.1 +£.6% and k, = .14+ .2%) A; ~ 0.8 GeV from a strong interaction

coupling scheme.®

Instead of taking the information we have on the different low energy quanti-
ties we determine them by a fit procedure and compare afterwards. We performed
a complete analysis of the elastic electron scattering data by a simultaneous fit

of all four form factors G’_,’d: g to the available cross-sections.

As far as proton data are concerned we use the data analyzed in Refs. 10 - 12
up to Q% ~ 5GeV?2/c2. As for high momentum data we use the Stanford data!3
with the normalization determined according to the low momentum analysis.10—12

Neutron cross-sections are taken from Refs. 14, 15.

The best fit parameters determining the functions FfS, F/V Egs. (2) and (7)
are stmmarized in Table 1 together with the information from other sources (in
parenthesis). We note an overall agreement of the best fit parameters with the
known values, which gives some credibility to the obtained values of Ay = 2.27
GeV and Agep = .29 GeV. Actually we could have fixed most of the fit quantities
by using the known information. Note that our analysis shows a decoupling of the
¢-meson from the nucleon according to the Zweig rule,!® and no higher mesons

are necessary in contrast to the conventional vector meson dominance models.?®

The resulting functions Gz p, using the best fit values of Table 1 are shown in
Figs. 2 - 5in a Q4G .p plot, which emphasizes the high momentum behavior.

We do not show a comparison at low momentum in this note, however, the
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description of the low momentum data is excellent as indicates by x2,,/N = .43
(see also Table 2).

The proton magnetic form factor is shown in Fig. 2. In addition to the total
form factor we also show the contributions arising from proton Dirac (¥7)- and
proton Pauli (F})-form factor. We see that at high momentum transfer G,
is dominated by FP. This is expected from QCD scaling as for Q? - oo we
have F{/F¥ ~ Q%. The more recent, unpublished, Stanford data?! lie somewhat
higher. Adjustment to these data would imply Agep ~ 0.2 GeV. (But this
might be a normalization problem which we did not investigate.) The data
above Q2 ~ 20 GeV?/c? cannot be explained. It is interesting to see the effect
of a variation in Aggp. Neglecting the log-dependence in G%, it i.e., @2 = Q% in
Eq. (7), we obtain the curve labeled Agcp = 0. The present data limit Agep
(in our parametrization) to the range of 0.2 - 0.5 GeV. More precise data can

put limits on Agep, A2 which are closer.

The electric proton form factor G‘;; is shown in Fig. 3. Here we have
a- completely different situation. Instead of the sum of F} and F} we have
G%, = FT — (Q?/4M?)F{ indicating that both FP and F¥ are important at high
Q?, in contrast to the case of G’gl. This results in a strong cancellation. Note
that the difference of two large numbers is very uncertain. Unfortunately high
precision data!! are available only in the range up to a Q%2 S 1.5GeV?/c2. Al-
though our G%, describes the data very well (x%/N = .44) up to this momentum
transfer, the form factor above Q% = 2GeV? /c? is very uncertain because of this
delicate cancellation. Small changes in the coupling constants can largely en-
hance or reduce G%. Precise measurements of G%, at high @ would therefore be
highly desirable.

Figures 4, 5 show the neutron form factors G}, and G} together with the
data of Albrecht et al.,!* and S. Rock et al.!> Before comparing with the data it
is interesting to have a close look at the neutron Dirac form factor F{‘. According

to the definition, Eq. (4), and the fact that m, ~ m,, and g¢,/f, ~ 9./ f., we
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find FP = F{5 - F[V ~ 0. : LT

This finding is independent of the vector particle nucleon form factor and
thus independent of momentum transfer. As no such cancellation occurs in F3'
due to the large difference between sy and xg, this means that both G}, and

» are dominated at high Q? by F;.

2
n "~ O8 dGP~_Q n 04
Thus G}, is effectively suppressed by a power of Q? as compared to Gfu. In
contrast G% is larger than G% at high Q2.

This behavior is shown in Figs. 4, 5. Again we show the form factors with

and without the log—corrections.

From the differences between proton and neutron form factors obtained in
the present analysis we realize that we have to be careful in what quantities
to compare with experiment. For example, the cross-section ratio of neutron
to proton o,/0, decreases for high Q? solely because of the suppression of F}.
This shows that one cannot look only for scaling properties in the comparison

with experiment. On the other hand, however, the asymptotic strengths of the
FIv-IS

functions F;, F;

as determined by experiment will give us severe constraints
on the hadronic quark wavefunctions. As far as the quantities A2, Ag¢p in this
analysis are concerned we note that although the present data prefer Ay = 2.27
GeV and Aggp = .29 GeV (using our parametrizations) the data at high momen-
tum transfer are not accurate enough to exclude somewhat larger values. The
fact that Ay/Agep is large is to be connected with the relevant scales which con-
trol QCD. The present finding might have some consequences on the conclusions
reached in Ref. 4, the hadron phenomenology of Ref. 22 as well as on the size of

the core of the bag models.

One of us (M.G.) is grateful to S. J. Brodsky for a discussion on the manuscript.
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Table1 - T

Parameters determined by a simultaneous fit to the
avaliable cross-sections. The values given in

parenthesis are from other experiments or SU(3), see text.

[GeV]

X2 /N || 9o/ fo Kp 9o/ fu Ko Ay | Az [Agep
43 377 6.62 411 .163 795 12.27 .29
(614 .6)| (~ 4) | (14£.2) | (~ .8)

Table 2

Calculated slopes for G%,(t) and G%(t) in comparison with experimental data.

[GeV/c]2
dGh/dt]y — o | dGE/dt; — o
best fit —2.92 52
experiment | —2.92 +.111% | 52 + 00718
- .496 + .010'7
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure Captions

Illustration of extended vector meson dominance (EVMD):
a) physical photon propagator b) coupling of a physical photon

to the nucleon.

Proton magnetic form factor G§,(Q?). The data points are from

the analysis in Refs. 10 - 12 and our analysis of the cross sections
of Ref. 13.

Proton electric form factor G‘I’E(Qz). (r = Q?/4M?). Data points
are from Refs. 10 - 12.

Neutron magnetic form factor GXJ(QZ). Data points are from our
analysis of the cross sections in Ref. (14) (o) and Ref. 15 (o).

Neutron electric form factor G%(Q?). (7 = Q?/4M?). Data
points are from our analysis of the cross sections in Ref. 14 (o)
and Ref. 15 (o).
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