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By directly applying light-front boosts to model wave functions, we calculate the soft parts as well

as the hard parts of exclusive processes. In the model used by Isgur and Llewellyn Smith, the
asymptotic terms begin to dominate for g,'= 3.5 (GeV/c)2 for the pion charge form factor, a

much smaller value than previously reported.
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With strong evidence that hadrons are composed of
quarks and glue as expected in quantum chromo-
dynamics (QCD), medium-energy nuclear/particle
physics has begun to enter a new era. Models of the
quark structure of hadrons are being developed in
which the static and low-energy properties of baryons
and mesons are fitted rather well, and theorists are
studying various models of the modification of
baryons in nuclei, such as the effects of six-quark and
other multiquark structures. In the carrying out of this
program, perhaps the most fundamental problem is
the nature of the confinement phenomenon, the
mechanism by which colored quarks and gluons are
confined. Undoubtedly deconfinement occurs at some
level in nuclei, and the determination of the quark and
gluon structure of nuclei can play a major role in our
understanding of how QCD is realized in nature.

However, the nonperturbative nature of QCD when
applied to low- to medium-energy nuclear/particle
physics makes it difficult to connect models of hadron-
ic and nuclear properties with QCD itself. As Brodsky
and Lepage'2 and others have stressed, if one can car-
ry out experiments at such high momentum transfer
that perturbative QCD can be rehably used, then QCD
can be applied directly for hadronic and nuclear
processes. A detailed methodology of light-front per-
turbation theory has been developed, with application
to a wide variety of exclusive hadronic and nuclear
processes. '2 However, the key question is this: At
what momentum transfer for a specific process can
perturbative QCD be applied'? It has been argued that
since the A parameter sets the scale, with the effective
strong-coupling constant for momentum Q2)) A2,

n, (Q )0: 1/log(Q /A ), and A & 200 MeV, then one
might be able to use perturbative QCD methods at Q
values of 1 to a few gigaelectronvolts and larger.

In an attempt to answer this question, Isgur and
Llewellyn Smith calculated3 the pion electric and nu-
cleon magnetic form factors, both for the asymptotic
(hard) parts and for the "soft parts, " which are ex-
pected to dominate at low momentum transfers. A
necessary condition for perturbative QCD to apply is
that the hard part dominates, and thus a minimum
value of momentum transfer, Q„at which one might

attempt to use the asymptotic light-cone formalism is
that value for which the hard contributions become
larger than the soft ones. It was the conclusion of Ref.
3 that this occurred at momentum transfers much
larger than a few gigaelectronvolts, and that with
present and contemplated accelerators it might not be
possible to test the predictions of perturbative QCD
for exclusive processes. An essential aspect of this
work is that the question of normalization of the
asymptotic parts of exclusive processes must be seri-
ously considered.

However, there are a number of difficulties which
must be considered in evaluating the conclusions of
Ref. 3. First, almost all of the results are model
dependent at the momentum transfers being con-
sidered. Second, there are significant technical diffi-
culties in carrying out the boosts of the wave func-
tions, which are necessary in the calculation. This
latter is an essential ingredient in defining the soft
parts. It is the purpose of the present Letter to show
that the methods of constructing boosted light-front
wave functions which have been recently developed"
enable one to use light-cone perturbation methods in
a more general way than the asymptotic methods of
Ref. 1. We restrict our present discussion to the pion
form factor, where a model-independent calculation of
the hard part has been derived. Starting with the
same rest-system wave function for the pion as used in
Ref. 3, we conclude that the asymptotic terms will

dominate at Q, = 2 GeV, a value considerably smaller
than that found in Ref. 3. The method can be applied
for baryons and nuclei, and the implications for ha-
dronic and nuclear physics are briefly discussed.

The definition of soft versus hard parts must be con-
sidered carefully. If one were able to derive the
correct QCD wave functions, then the impulse
approximation —the one-body term for the transition
operator —could be used for all Q. The wave function
would contain all the effects of hard as well as soft
gluons. Indeed, the methods of Ref. 1 are used to ob-
tain the hard-gluon contributions starting from wave
functions which model only soft-gluon effects. The
assumption of Ref. 3 is that the model wave functions
do not contain hard-gluon effects, which is demon-
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strated to be correct in the present work. That is why
the results of Ref. 3 are so surprising.

The asymptotic part of the pion electric form factor
for momentum transfer Q is given in light-cone per-
turbation theory by the form

P.(Q')
1 pl=

J dx Ji dy 4&g(x) TH(xy, Q)@g(y), (1)

where x and y are relative longitudinal quark momen-
tum fractions (i.e., x =xt —x2), and TH is the light-
cone scattering amplitude calculated with single hard-
gluon exchanges. For high Q the quark amplitudes,
4 g (x), are of factorized form'7

4g(x) =4(p, ) [x(l —x)]"'g',

C3'

~" o.z

I-LS (soft)

with q(Q) =1 as Q ~, and an integral over pt is
implied. ' With the form (2) and Eq. (1), one does
indeed approximately recover the model-independent
asymptotic result, 6 with the normalization given by the
pion decay constant. An assumption of Ref. 3 is that
the C&g(x) contain the soft-gluon effects, while the
hard-gluon processes are calculated directly in TH.

In Ref. 3 harmonic-oscillator-type wave functions
are used, so that for the pion in the rest frame with re-
lative qq momentum p= p&

—
p2

y (p) = e ' '" /[(mb)"']"'. (3)

It is shown that with factorization assumptions such as
Eq. (2) to obtain the longitudinal momentum depen-
dence on the light cone, with Eq. (1) one can approxi-
mately reproduce the correct asymptotic result.

The soft part is essentially the impulse approxima-
tion, since the model wave function of Eq. (3) most
certainly does not contain hard-gluon effects [as can be
seen, e.g., from Eq. (2)]. In general, the soft part is
model dependent. Moreover, with typical confining
quark models it is difficult to carry out the boosts. In
Ref. 3, factorized forms such as Eq. (2) are used also
for the calculation of the soft part. A typical result is
shown in Fig. 1, the dashed curve labeled I-LS. One
can see why it was concluded that asymptotic QCD
perturbation theory cannot be used for Q in the few-
GeV/c range.

On the other hand, under certain circumstances one
can boost composite model wave functions from the
rest frame, where static properties can be fixed to the
light cone in a light-front representation. For point
constituents, if one starts with a model in which the
total linear and angular momenta are def&ned, then it
is possible to carry out the boost in one direction with

l I

2

Q (Gev/c j

FIG. l. Pion charge factor as calculated in Ref. 3 [I-LS]
and as calculated in the present work [J-K], both starting
with the pion wave function of Eq. (3). The g' ~ curve
is from Ref. 6.

a light-front boost generator independent of the in-
teraction Lagrangean. 5 Harmonic-oscillator wave
functions are particularly easy to use, since projection
of total linear momentum is very straightforward. In
Ref. 4, explicit prescriptions for boosting a state from
the instant form ~n ) T to the ltght-front state l~) F are
given,

so that one can obtain normalized light-front wave
functions from the wave functions in the instant form

(pt.p21~) T =@.(p,P),
with four-vectors P =p t +p2, p =p t

—p2. Note that
for the pion the transformation of Eq. (4) is particular-
ly simple, since the Wigner rotations of the qq system
are reduced to unity. One can work either in the Breit
frame, where one boost direction is specified for initial
and final hadronic states, or in the laboratory system,
where we obtain

F„""(Q')=„I dp $F'(p, P+Q)g (p, P)
For the soft part we take Q= (q~, o) so that Eq. (6)
reduces to the conventional Dre11-Yan form. 8 For the
calculation of the hard part we use the Breit frame,
where the front-form wave functions are given by

y~(p~, p (x,tQ),P)e" ~2s = N exp— Pz2
'

2b
x exp'— X

8 4b' b'(1 —x') b'(1 —x') 2b
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if one starts with 4„(p) as given by Eq. (3) in the rest
system. Note the unusual, nonfactorized form of 4F,
and the I' dependence, which follows from the nature
of the light-front variables and the boost to the light
cone. 4 Note also that ~n)F is a well-defined JP=O
pion state, that F (Q ) of Eq. (6) is equivalent to the
standard definition, and that the usual pion decay con-
stant, f, is obtained with use of this state.

The values used for the parameters m and b of the
wave function are those of Ref. 3, m =0.33 GeV,
b =0.22 GeV, and N of Eq. (7) is the normalization.
The results are sho~n in Fig. 1. Our results for the
soft part agree with those of Ref. 3 for small Q, but the
soft part drops below the asymptotic contribution at

Q,z=3.5 (GeV/c)z. It is not unreasonable to expect
that QCD perturbation theory might be aplicable for
such Q for the pion. We emphasize that these results
are model dependent, and that we start with the model
of Ref. 3 in the rest frame.

Our "hard" contribution, obtained with use of Eq.
(1) with the quark distribution amplitudes 4&(x)
derived from 4F of Eq. (2) with the k~ cutoff at 1

GeV, is approximately F„(g ) =16m f n, (Q )/Q,
the Farrar-Jackson result shown in the figure. We ex-
pect a very slow evolution with Q2. These results are
similar to the hard part of Ref. 3, although it is not
evident that they contain the same physics. In Ref. 3
the "soft" wave functions are modified by the Ansatz
of Eq. (2) from considerations of the evolution equa-
tion, while we use the soft wave function boosted onto
the light front. An essential point of the present
Letter is that by using soft wave functions such as
those of Ref. 3 one can successfully separate the soft
and hard parts, as suggested in that work. However,
the Ansatz of Eq. (2) actually includes some hard-
gluon effects. Our results shown in Fig. I demonstrate
that the soft parts are indeed soft, and that hard gluon-
ic terms must be considered by I GeV/c.

For the proton there is no model-independent
asymptotic result. Calculations in the spirit of Ref. 3,
but with improved models, are being carried out. 9'0
We are also studying models appropriate for the
method used in the present paper for the proton form
factor. From the nature of the soft processes, we ex-
pect that the hard scattering term will become larger
than the soft terms at higher momentum transfers
than found for the pion.

For application to complex nuclei the situation is
some~hat different, since the asymptotic terms re-
quire color to move freely between all of the quarks.
Therefore, only the largest multiquark clusters can
contribute for each nucleus. In the hybrid quark-

hadron model it has been estimated that the six-quark
cluster probability of the deuteron is about 0.03," and
that the nine-quark cluster content of He is about
0.006.' These are normalization factors that reduce
the asymptotic terms. From this and the fact that
momentum sharing in multiquark clusters implies a
large Q to reach the asymptotic stage for all internal
lines, we expect that QCD asymptotic methods will re-
quire higher Q with increasing mass number. Detailed
calculations which are required can be carried out via
the methods given in this Letter. In any case, the
study of the quark structure of nuclei is of great in-
terest and an essential part of the physics at a few
GeV/c, even if the asymptotic methods fail in this re-
gion.
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