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Abstract

Since current light-cone wave functions for the nucleon are inconsistent with
the data on the nucleon's Dirac form factor, a new wave function is suggested
respecting theoretical ideas on its parameterization and satisfying constraints
from experimental data.

There is general agreement that the conventional hard scattering approach [1] gives
the correct description of exclusive observables in the limit of asymptotically high
momentum transfers. This framework relies upon the factorization of hadronic am-
plitudes in perturbative, short-distance dominated hard scattering amplitudes and
process-independent soft distribution amplitudes (DA). In order to challenge arguments
against the applicability of the hard scattering approach in experimentally accessible
regions of momentum transfer [2] a modification of this scheme has been proposed by
Botts, Li and Sterman [3] in which the transverse hadronic structure is retained and
gluonic radiative corrections in form of a Sudakov factor are incorporated. By sup-
pressing the dangerous regions of soft partonic momenta this more refined treatment
of exclusive observables allows to calculate the genuinely perturbative contribution. In
the particular case of the nucleon's Dirac form factor it is however shown in Ref. [4]
and further confirmed in Ref. [5] that its perturbative contribution is much smaller
than the experimental data.

The smallness of the perturbative contribution is, as we believe, not a debacle, but
seems to be fully consistent within the entire approach. In addition to the perturba-
tive one there is the usually neglected Feynman contribution from the overlap of the soft
initial and final state wave functions. As was shown in Ref. [2] this soft contribution is
indeed large for a number of examples. For the end-point concentrated wave functions
like those based on the COZ DA [6], the Feynman contributions even exceed the ex-
perimental data [7] on the Dirac form factor of the nucleon, Ff*, by large amounts. On
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the other hand completely (permutation) symmetric wave functions like the asymptotic
one yield zero for the neutron form factor F™. Thus, a new (valence Fock state) wave
function of the nucleon has to be constructed, which provides a Feynman contribution
that completely controls the Dirac form factor at momentum transfers around 10 GeV2.
Admittedly, this requirement does not suffice to determine the wave function; further
constraints are needed.
To this end we use the available information on the parton distribution functions qv(x)
[8]. At large x^0.6 qv(x) is predominantly fed by the valence Fock state which con-
tributes by the modulus squared of its wave function, integrated over transverse mo-
menta up to Q and over all fractions except those pertaining to partons of type q.
As a third constraint we consider the decay reaction J/^ —> NN. This process is
expected to be dominated by the perturbative contribution with three intermediate
gluons. In contrast to previous analyses as e.g. [9] this process will be calculated
within the modified perturbative approach of Ref. [3].
Employing a parameterization of the wave function that complies with theoretical
ideas we then determine the few (actually two) parameters of the wave function from
a combined fit to the data of the three reactions just mentioned, trying to reproduce
the prominent features of the input. More details on this procedure can be found in
Ref. [10]. We make the following ansatz for the nucleon's valence Fock state wave func-
tion (by which we mean the amplitude to find u^u^d^ inside a positive helicity proton)

(1)

(2)

In (2) JN{^F) plays the role of the nucleon wave function at the origin of the configu-
ration space and the factorization scale is denoted by fip. ^(x^fip) is the nucleon DA
and the particular form (j)ff(x) = \2Qxix2xz is the asymptotic (AS) DA [1]. Generally
<j>N is expanded in a series of eigenfunctions ^(x) of the evolution kernel [1].

As has been found empirically the simple DA

4>N(x) = KS(x) [l + jfyx) + l-4>%(x)] = 4>A
N

s{x)1- [1 + 3*!] (3)

meets all requirements and a larger flexibility in the DA by more free parameters does
not improve the results substantially. The only free parameters left over in this case,
namely /jv and a, are determined by a fit to the data for the three processes mentioned
above and take on the values fN = 6.64 • 10~3 GeV2 and a = 0.75 GeV"1. The fitted
wave function implies reasonable values for the probability of the valence Fock state
(P3? = 0.17) and the rms transverse momentum (411 MeV). Our value for /N roughly
agrees with values obtained from QCD sum rules (5.0 • 10~3 GeV2 [6]) and lattice QCD
((2.9 ± 0.6) • 10-3 GeV2 [11] and 6.6 • 10~3 GeV2 [12]).
The DA (3), displayed in Fig. 1, possesses interesting features. It is much less asymmet-
ric and less end-point concentrated than the COZ-like DAs. Our DA rather resembles
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Figure 1: The DA (3) as a function of x\ and x3.

the AS one in shape but with the position of the only maximum shifted to x\ = 0.44,
x2 — x3 = 0.28. Thus, as the COZ DA but to a lesser amount, our DA possesses the
property that, on the average, a u-quark in the proton carries a larger fraction of the
proton's momentum than the d-quark.
The results for the valence quark distribution functions obtained from the fit are shown
in Fig. 2. The effect of the asymmetric part of our DA provided by the eigenfunctions
4>l

N and cj>2
N is clearly visible in Fig. 2: It pushes up uy at large x and diminishes dy at

the same time, thus producing a ratio uy : dy of about 5:1.

In Fig. 3 we show the results for the Feynman contributions to the proton and
neutron form factors in comparison with the data [7]. We emphasize that the results
for the neutron form factor are genuine predictions. It can be seen that the asymmetric
part of the DA (3) is solely responsible for the neutron form factor (pushing it down
from zero to a negative value) and pushes up the Feynman contribution to the proton
form factor (see the difference between the solid and dashed lines in Fig. 3). For Q2

smaller than about 8 GeV2 the fit is somewhat below the data which may be attributed
to the presence of higher Fock states (remember P3q = 0.17).
Our wave function provides the value 0.117 keV for the three gluon contribution to the
nucleonic J/ifi width. Before comparing the result with experiment (0.188 ± 0.014 keV
[13]) the following remarks are in order: First there is an additional electromagnetic
contribution to this decay with a one-photon intermediate state which may increase
our prediction by up to 30 %. Second there are NN pairs with equal helicities (about
10 % of all pairs), not accounted for in the present calculation. Finally, there are
uncertainties in the values of the J/ip decay constant /$ and AQCD- Thus, we conclude
that our wave function (2), (3) provides a reasonably large three gluon contribution to
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Figure 2: Valence Fock state contributions to the valence quark distribution functions
of the proton at Q2 — 1 GeV2. The open circles represent the parameterization of
Ref. [x2]. The solid line is obtained from the FIT wave function ([x3]), ([x4]) and the
dashed line from the AS wave function with / # and a as for the FIT wave function.

the J/ip —»• pp decay width. In contrast to previous calculations of this width carried
through in collinear approximation [9], our average as (being 0.43) is consistent with
the available scale in the J/tf; decay which is provided by the c-quark mass.
We have constructed a new model wave function for the nucleon from constraints on
the Feynman contribution to the proton Dirac form factor, the quark distribution
functions and the decay width of J'jij) —v NN. We conclude that some asymmetry in
the wave function is necessary to fulfill the constraints, but for the resulting FIT wave
function this asymmetry is so less pronounced that the FIT DA rather resembles the
asymptotic one in shape. Finally, from our studies of the Dirac nucleon form factors
we stress that one should not use the COZ-like nucleon DAs any longer for studies of
exclusive observables.
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Figure 3: Feynman contribution to the Dirac form factor of the proton (left) and the
neutron (right) evaluated from the FIT wave function (2), (3). The dashed line on the
left is obtained from the AS wave function with /jv and a as for the FIT wave function.
Data (o) are taken from Refs. [7].
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