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A long-standing controversy about the early applicability of perturbative QCD to
elastic form factors is reviewed with a particular emphasis on the qualitative and quan-
titative aspects of the modern QCD picture of hadronic structure.

L INTRODUCTION: SOME HISTORY COMMENTS

The foundations of the perturbative QCD (pQCD) theory of hard elastic
processes were developed in 1977-1978 in Irkutsk [1] and Dubna [24], however,
both groups failed then to publish their results in the West. The summary
of the Dubna 77-78 results (which include a complete derivation of the QCD
factorization in Feynman gauge [3, 4], introduction of the relevant wave function
and its relation to matrix elements of local operators {2}, evolution equation for
the pion wave function [3, 4], Gegenbauer expansion and its relation to conformal
operators [4], derivation of the asymptotic wave function 3, 4], etc.) appeared in
Physics Letters only in 1980 [5]. .

By 1979, when the pQCD approach was rediscovered in a more heuristic
form by Brodsky and Lepage [6}], the two Russian groups already knew that the
asymptotic QCD formulas with the asymptotic wave funclions cannot describe



the form faclor data at accessible momentum transfers. To find the way out,
Chernyak and A. Zhitnitsky proposed a double-humped wave function for the
pion and incorporated the QCD sum rules to Jjustify it [7]. In essence, their claim
was that the pQCD predictions based on the lowest order, lowest iwist diagrams
ralculated with CZ wave function are phenomenologically sound and that no
lurther improvements are necessary.

On the other hand, my concern was just how stable are the pQCD “suc-
cesses” with respect to possible improvements like higher order and/or higher
twist coirections. We siaried our analysis of the “improvement stability” by cal-
culating the next-to-leading order a, corrections to the pion form factor {8]. Our
conclusion was that [8]

“for accessible momentum transfers the average virtualness of the
exchanged gluon is very small compared to the typical hadronic scale
M ~ 0.5 GeV. In other words, for Q*<100 GeV? the pion form factor
is not a truly short-distance problem and to understand the behaviour
of Fe(Q) for moderately large Q? (in particular, to clarify the true
nature of the quark counting rules ...) one should develop methods of
taking into account the effects usually referred to as power (or higher
twisl) correclions.”

In ref. {9], I performed a qualitative analysis of the higher twist effects, taking
into account both the higher twist contributions due to the non-leading two-body
operalors ¢y5¢ and §y50,,¢ and those due to the intrinsic transverse momentum
of the quarks. In the latter case, I proceeded by

1. modifying the hard propagators zyQ? — 2yQ? + 2M2,
2. using a “frozen” coupling constant a,(2M?) for small virtualities and
3. incorporating the Sudakov suppression of the small virtuality regions.

This paper was also rejected and never published. Much later, in 1987, a model
incorporating steps 1) and 2) was used by C.R. Ji et al. [10]. A recent work by
Li and Sterman (11] incorporates (in a more sophisticated framework) ali three
steps.

I have learned a few lessons from my 1980 study. First, I realized that, after
the transverse momentum modification, the perturbative QCD formula for the
pion form factor might be self-consistent if Agcp is small enough, A ~ 100 or
200 MeV (such a low value was advocated then by the ITEP group, but most
of the other QCD experts were still living in the world where A was around
0.5GeV). 1 observed also that the numerical value of Q?F,(Q?) given by the

modified formula is too low to describe the data. Still, | managed to describe
the data by adding the contribution of the higher-twist two-body operators §ysq
and §750,,¢ calculated using the same assumptions. However, an important ob-
servalion was that these contributions were dominated by the region z ~ 1 /@G
Hence, the essential gluon virtualities were O(M?) and constant with increasing
Q?, therefore, the correct way was to treat them as a part of soft contribution.
The latter is usually suppressed by powers of 1/Q? in the asymplolic Q? — oo
limit, but it cannol be classified as a higher-twist contribution, since no short-
distance dynamics is involved. In other words, the soft contribution is completely
nonperturbative, and one should use essentially nonperturbalive methods to cal-
culate il.

A year and a hall later, the soft contribution to the. pion pion form factor
was calculated within the QCD sumn rule approach [12, 13]. As expected, this
contribution was large enough to describe the data. In 1983, the soft term for
the nucleon form factors was estimated using the local dualily version of the QCD
sum rules {14]. A parameler-free formula, with a good accuracy, described the
proton magnetic form factor data from Q% ~ 3GeV? till Q2 ~ 20GeVZ. The
last sentence of our paper [14] was:

“the experimentally observed power-law fall-off of the nucleon form
factors reflects only the finite size of the nucleons ralher than the
approximate short-distance scale invariance of the underlying theory.”

In 1984, similar statements were made by Isgur and Llewellyn Smith [15].

Meanwhile, we extended the QCD sum rule analysis of the pion form factor
into the region of small Q* {16]. Combining this calculation with the previous
results [13], we obtained a continuous description of the pion form factor from
the normalization point Q? = 0, where F, = 1 till moderately large: values
Q? ~ 3GeV2. For the nucleon form factors, similar QCD sum rule analyses of
the low-Q? behaviour were developed at ITEP {17] and Gatchina [18].

Thus, the soft contributions alone were sufficient to describe the data: ap-
parently, there was no need for sizable hard contributions, and, hence, there was
no place for broad Chernyak-Zhitnitsky type wave functions: otherwise the total
“soft plus hard” contribution would be too large. However, the CZ wave func-
tions were also supported by a QCD sum rule calculation, and it was not clear
why we should not believe in them. The answer to Lhis question was found in
1986: the CZ analysis implied a specific model of the QCD vacuum, in which
the correlation length of the nonperturbative vacuum fluctuations is essentially
larger than the hadronic size [19]. In such a case, it is legitimate to take into
account only the simplest parameters {0{7¢]0}, (0JGG|0) (local condensates - all
fields are taken at the same point) describing the structure of the QCD vacuum.



However, if the correlation length of the vacuum fluctuations is comparable with
the observed hadronic size (this is just the situation realized in the real world),
one should know the whole function {0j¢(0)g(=)]0), i.c., the nonlocal condensate.
‘I'he wave function we obtained using a standard value for the correlation length
parameter is rather narrow, and the relevani hard contribution is sufficiently
small. For self-consistency, we also applied the formalism of nonlocal conden-
sates to the calculation of the soft contribution to the pion form factor [20] and
enjoyed a reasonably good agreement with the data.

In what follows, I will concentrate on emphasizing that applicability of per-
turbative QCD to elastic processes is a quantitative rather than a qualitative
problem. There is no question of whether pQCD is applicable to elastic form
factors at very large Q2, the question is whether it is applicable now, at accessi-
ble Q3. And the question is not whether a particular approximation producing
a curve describing the data is in general compatible with QCD, the question is
whether such an approximation is compatible with all information about QCD
extracted from all we know about the real dynamics of the strong interactions.

II. WAVE FUNCTIONS AND FORM FACTORS

In nonrelativistic quantum mechanics, the form factor is given by a Fourier
transform of the relevant wave function squared. In (light-cone) quantum field
theory, the form factor of a two-body bound state is given by a convolution
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involving initial and final state wave functions ¢¥p(z, &,) depending on the lon-
gitudinal P and transverse k; momenta carried by the quarks. At Q% = 0, one
Lias the normalization condition

1 = F(0) ~/1¢P(;¢,kl)|2 &k, dz.

The form of the wave function is determined by the inleraclions belween the
constituents. As far as we know, in real QCD these interactions can be rep-
resented by a potential which is essentially Coulombic (~ a,{l/r)/r) al short
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distances r and increases linearly at large . The confining part of the polential
is respousible for the major nonperturbative effect of chiral symmetry break-
ing, converting alincdt massless light quarks into the conslituent quarks with
masses around 300 MeV. It is this effect that establishes the basic mass scale
for the hadronic spectrum. The role of the Coulomnbic part is secondary, and one
can treat it as a small correction. Consequently,one should expect that the k-
dependence of the wave function can be visualized as a sum of two components:
the soft component due to the dominant confinement part of the potential and
the hard part due to the short-distance Coulomb interactions:

w — !,bhard + ¢lofl.

The soft component should be a fast-decreasing function concentrated in the
region of small k;. On the other hand, the hard component dominates at large
ky, and it is proportional to the Fourier transform of the Coulomb potential:
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The most natural decomposition of 4 inlo its soft and hard parts is shown

in fig.(1). Under such a convention, ¥ is zero (or very small) below some

vatue of k) ~ 1GeV. Since one can apply perturbative QCD in the large-k;

region, one can represent the hard tail of the wave function as a convolution of

the Coulomb (one-gluon exchange) kernel V%74 ~ o, (k% )/k% with the soft part
of the wave function:

"bhnrd = thrd ® l',b'oﬂ. (24)
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Now, one can rewrite the form factor foriula as

k
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F= j(¢sajt + ‘bhard) x (¢:oft + 'J}hard) — Fsaft + Fa-. o (25)

This is just the QCD factorization expansion which states that the pion form
lactor in QCD is given by

1. the soft term which can be interpreted as a convolution of two soft wave 7

functions,

\PS?'F"' ‘kq’ 71(_505?6

peoft ; L,

2. the hard one-gluon-exchange term proportional to a:z
sof ¢ ! so
y3of 9, y PoF
B .

3. various radiative and higher-twist corrections to the hard term.
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Fig.2

From the above discussion, it is clear that the separation of the wave function
into soft and hard components is prescription-dependent. An extreme version (see
Fig.2) is to define the hard component for all k| as a smooth extrapolation from
high-ky values using, e.g., the prescription $" ¥ ~ a, (k3 +M?)/(k3 + M?). This
simple trick of increasing the “perturbatively calculable “hard”-gluon-exchange
contribution” is very popular among the advocates of the early applicability of
perturbative QCD.

There are different ways to introduce and/or interpret Lhe scale M: it can be
treated either as an effective gluon mass or as an averaged transverse momentum

havd ¥

(with variations: the iransverse momentum can be either primordial, i.e., induced
by the finite size of the system or generaled by radiative effects). Of course, it
is the numerical value of M rather than its interpretation which is crucial: if
M is 500 MeV or larger, the one-gluon-exchange term is too small to describe
the data. That is why the pQCD proponents favor small values M <I00MeV
and sometimes even M ~ 100 MeV. However, any introduction of M motivated
by physics ‘of the real pion, e.g., interpretation of M as an averaged transverse
momentum M2 = (k%) + (k%) or as an effective gluonic mans; excludes low
values of M.

III. INTERPLAY BETWEEN SOFT AND HARD CONTRIBUTIONS

The asymptotic expression for the hard contribution F*+(Q?) in the pion case
reads 2]

1 t
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where p(x, p) is the pion wave function [2] giving the probability amiplitude to
find the pion in a state where quarks carry fractions zP and (1 — z)P of its
longitudinal momentum P and p is the evolution parameter of the wave function
specifying the distances (1/p) on which the pion structure is probed (u ~ @ for
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The logarithmic dependence of @(z, u) on Lhe [actorization scale u is given by
the renormalization group [3,4]. In particular, as g — 00, the pion wave function
w(z, p) evolves to a very simple and natural form [3-5]

(p,(:t:,p—voo)—' (P:'(m) :6."1:"(1_:)! (32)

where f, = 133MeV is the pion decay constant setting the wave function normal-
izalion [2]. In practice, however, the logarithmic evolution of the wave function
is very mild and one can usually neglect it. In this approximation , the large-Q?
value of the combination @Q?F,(Q?) is determined by the magnitude of I [2]:



I= . (3.3)
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For the asymptotic wave function [3,4], I = %, and the resulting value for
Q*Fu(Q?) is [3,4) 8a2f2 (%) ~ 2+14 GeV?<0.14 GeV?, while the experimental
Jdata suggest that QzF,(Qf) ~ 0.4 GeV? for Q* ~ 3GeV?2.
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The use of the Chernyak-Zhitnitsky wave function [7}
$%(2) = 30fuz(l — 2)(1 - 22", (3.4)

increases I by factor 399. The increase is due to the enhancement of the small-z

region provided by the CZ wave function. The large-Q? value of Q?F:(Q?) in
this case coincides with that corresponding to data at Q% ~ 3 GeV?2. Of course,
whether the hard lerm reaches its large-Q? value at Q* ~ 3GeV?, is an open

question. har
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Let us turn now to the soft term. By constructlion, the soft part of the wave
function vanishes faster than 1/k% for large k; . ‘This means the soft contribution
is suppressed by at least one power of 1 /Q* compared to the hard term. Fur-
thermore, the large-Q behaviour of the form factor integral (2.1) in this case is
is dominated by the x ~ 1/ region, and the result is determined by the small-x
behaviour of the hadronic wave function. Physically, this means that the large-
¢ behaviour of F**/%(Q?) is determined by the configuration when the active
(quark) parton carries the bulk of the hadron momenturn while the spectator(s)

take a wee ~ 1/ fraction of it. This is the essence of the mechanisin formulated
by Feynman in his 1972 book [21]. Depending on a particular model for the sofl
wave function, one can obtain different curves for Q*F, (Q?) (sec Fig.4)
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A particular prediction for the pion form factor is a sum of a soft term and of
a hard term. Of course, a specific choice of the soft and hard terms should not
be arbitrary: it must be correlated with the assumed structure of the Lotal wave
function. There are essentially three scenarios on the market.

1. “TalLLiss® W.F. In this approach, the high-k; tail of the wave funclion
is completely neglected, and the lotal contribution is given by the soft term
only. Almost all form factor calculations within the constituent quark mod-
els fall into this category. It should be mentioned that some authars reached
a good agreement with existing data. A general Lrend is that in order to
describe the data at highest available Q?, one should use wave functions
with a power-law behaviour at large ky rather than the exponential ones
suggested by oscillator models.
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9. “HEADLESS” W.F. This is an opposite approach: the soft contribution is
essentially ignored or claimed to be negligibly small - the point of view
shared by the advocates of the early applicability of perturbative QCD.
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Such a scenario can be realized when the total wave function is just a regu- e For small Q% when Q?<0.6 GeV?, the pion form factor behaves like

larized extrapolation . (z, k1) ~ a, /(k3 + M?) of its high-k, asymptotics. 1/(1 + @*/(0.6 GeV2))[16). This result was obtained using a specific ver-
In this picture, the role of the nonperturbative effects reduces o the change sion of the QCD sum rules adjusted to handle  the small-Q? region and
1/k* = 1/(k* + M?) in the propagators. it is in agreement with the p-dominance. The whole contribution is soft:

,q' a’l F“ 4 no a,-corrections were included. .
e At intermediate momentun transfers, 0.6 GeV2<Q?<3GeV?, the soft con-

tribution can be approximaled by the dipole formula [13]

1 1
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where s9 & 47?f,2 = 0.7GeV? is the pion dualily inlerval in the axial
3. W.F. WITH LARGE “HEAD” AND SMALL “TAIL”. As argued above, Just current channel (the effective threshold for higher states production).
this form of the wave function is favored by the present understanding of

how the badrons are formed from the quarks in QCD ¢ The one-gluon exchange contribution (without separation into soft and hard

part) is approximately given by the monopole formula [23]

l
0.4 avr 2 a, 1
Fy (Q)-—(W)m (3.6)
: 0.2 - e o memmaoa |
A - based on the interpolalion of the local duality integral between the Q=0
Gev value F*(0) = a,/x (this value is known from the Ward identity be-
ol — tween the 3-point and 2-point correlators) and the asymptotic behaviour
*\.& Q~— F7+(Q?%) = 8xa, f2/Q = 2(50/Q*)(a. /7) corresponding to the asymptotic
wave function.
To specify the quantitative aspects of the 3rd scenario one should use a partic-
ular QCD-based picture of the hadronic structure. Qur picture is based on QGCD * The soft contribution is further suppressed by Sudakov form factor given
sum rules [22] and quark-hadron duality considerations. In application to the by the formula [14]
pion form factor, our version of the 3rd acenario can be described in the following
way: N Q?
* The effective coupling constant is always small inside the pion (and all other 5(Q%) = exp {"ﬁCF In® (_S'u—) } : (3.7)

hadrons): o,/7<0.1. This is the standard feature of any QCD sum rule

based approach. To stress our point, I ignored in this formula the next-to-leading order
effects: they are not very significant and can be easily restored. The essen-
tial point is the value of the scale M? that appeats in the double logarithm

In? (ﬁ;) . 1t is this value which determines when the suppression is numer-

¢ The pion wave function p(z) (or ¥(z, k) integrated over k 1) is rather close
to its asymptotic form ¢**(z) = 6 fyz(1 — z). This statement means that
the pion wave function is approximately dual to the wave function of free
qq states. ically important. Our choice of the scale M2 = sy 2 0.7 GeV2 means that
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Sudakov effects can be ignored in the accessible energy range Q?<10 GeV2,
There is a simple physical explanation of this fact. The Sudakov form factor
characterizes the probability that the hard scattering process is not accom-
panied by the liremsst.ra.hlung radiation. In perturbation theory, the gluons
are easily radiated, and this strongly diminishes the probability of a purely
elastic process. In the real world, however, nothing will be emitted till the
invariant mass of the final state reaches the three-pion threshold.

1} (‘)
' q |

Q'
This means that M is at least larger than 3m,. However, at the threshold,
the pion emission probability is zero, and a more correct esiimate is to put
M? equal o the value at which the emission probability becomes sizable.
This means one should take M? equal to the effective continuum threshold,
t.e., to sg. This result is also supported by direct local duality estimates
for the relevant two-loop diagrams.

The sum of soft and hard contributions displayed above is in good agreement
with available experimental daia.

It should be emphasized that alt the ingredients arise from cne and the same
physics:

¢ The hadron sizes are determined by nonperturbative effects.
¢ The Coulomb eflects are treated as a small correction.

¢ Vacuum fluctuations responsible for the hadron formation have a small
correlation length r <0.5 fm.

The last statement means that the QCD vacuum is populated by (virtual)
quarks whose average momentum (k)>600 MeV is not smaller than the mnomenta
ol the quarks inside the pion, and, hence, there is no enhancement of the end-
point regions z ~ 0, £ ~ 1 in the pion wave function caused by exchange of
quarks between the pion and the QCD vacuum.

i2

Another ansalz concerning the QCD vacuum structure is implied by the
Chernyak-Zhitnitsky approach which is equivalenl to assuming that the corre-
lation length of vacuum fluctuations is much larger than a typical hadronic size.
In this picture, the QCD vacuum is populated by quarks with very small mo-
menta, and the exchange of quarks between the pion and the vacuum produces
an enhancement of the low-momentum component of Lhe pion wave function:
that is why their wave function has the bumps in the end-point region. As we
discussed above, using the CZ wave function increases the large-Q? magnitude of
the one-gluon-exchange term by factor %5:

[Fo(@) % lqreco = 5 [F+(@7)]" (3.8)
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However, the soft contribution is also governed by the small-z behaviour of
the wave function, and the small-z enhancement produces an increase in the
magnitude of F*°/*((}?) compared to that oblained in our picture. As a result,
the sum of soft and hard contributions in the CZ-type picture is too large.
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In other words, the early pQCD dominance requires both
1. alarge hard term and

2. a small soft Llerm.
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Our obsetvation is that within the QCD sum rule approach these requirements
cannot be satisfied simultaneosly. The same conclusion was made within the
framework of the constituent quark model [27].

IV. EFFECTIVE SIZE OF THE PION AND SUDAKGV EFFECTS

The explicit expressions for the soft and hard terms given above allow one to
gel an estimate of the effective size of the pion {or of iis dominant gg component)
in different situations.

1. At small @2, the pion form factor behaves like 1/(1+Q?*/(0.6 GeV?), which
corresponds to (rd) =3 (0.65 Jm),

2. AL intermediate @2, a specific low-Q* contribution dies out, and the
remaining part of the soft contribution behaves like Fel Q) .~
1/(1+Q*/(2GeV?)). Hence, the effective radius of the §g component in
the Feynman mechanism (estimated by the slope of this contribution at
Q?=0) is {r} ) ~ (0.5 fm)2.

3. Finally, the one-gluon-exchange term is characterized by the factor
1/(1+ Q*/(1.4GeV?)), and the effective radius of the Gg pair in the one-
gluon-exchange subprocess at low and intermediate Q? can be estimated as
(r3.) = (0.4 fm)?. At large Q?, of course, the effective size of such g pair
diminishes as 1/Q.

Recently, Li and Sterman [11] demonstrated (under some assumptions subject
to further inspection) that Sudakov effects suppress large-size §q configurations in
the a,-contributions to form factors. The suppression is described by a Sudakov

factor like
exp {—3‘%/‘-’11[12 (iﬁ_)} (4.1)

where b is the transverse size of the g pair. Their expression is more compli-
cated due to inclusion of the next-to-leading effects, but I again neglected them
to make the formula more comprehensible. The suppression at large b is gener-
ated essentially by the growth of «, according to the asymptotic freedom formula
a,(1/b) = 2x/91n(1/bA). The coupling constant a, explodes when b — 1/A from

below. Furthermore, because of the In? (iﬂq) factor, at higher Q? the same sup-

pression occurs at smaller b, i. e., due to the Sudakov effects, the effective size
of the gg pair decreases with increasing (). For accessible Q, the cut-off in b-
space occurs al b & 0.8/A, which at A = 100 MeV used in ref.[11] corresponds

14

lo distance 1.6 fm. This means that the Sudakov activity takes place at dis-
lances marginally larger than the actual size of the pion (2/3 fmn) and even more
essentially larger than our estimate of the size of the relevant §g configuration
(1/2 fm). This result of the Li-Sterman analysis is in a comnplete agreement with
our gtatement that the Sudakov effects play no significant role at accessible Q2.
Furthermore, if the Li-Sterman integrals over b are cut-off at 0.5 fm, the resuliing
curves for F*(Q?) are very close to our estimate based on the QCD sum rules. In
particular, if one takes the asymptotic wave function, F @ (Q?) is a factor 5 below
the data for @ = 1~ 3 GeV2. Use of the CZ wave function increases F'o+{Q?} in
this region by a factor of iwo, but the result is still considerably below the data.
In any case, the analysis is incomplete as the soft contribution was not included.

The pion, as a simple syatem, has been most thouroghly studied within the
QCD sum rule approach. However, there is no doubt that the same physical
arguments are applicable for the nucleon. In parlicular, the local duality formula

Cal@ = gV =T {1 - )1 - 1) 4 (ar - 7/ =7)
(4.2)

(where T'= 1+ Q2/25; and Sp = 2.3 GeV?) describes the proton magnetic form
factor till Q2 = 15 GeV? and only slightly deviates from the data till 30 GeV?2

Our claim that the soft term alone can be sufficiently large to describe the data
in the whole accessible energy range was confirined recently within a relativistic
quark model by Schlumpf [24] who fitted the data on proton magnetic form
factor till @* = 30 GeV'? using for the proton a power-behaved soft wave function
¥(z, k1) ~ 1/(K2 )05,

On the other hand, Li [25] extended the analysie of ref.[11] to study the
Sudakov effects in the hard contribution for the proton form factor. However, if
one imposes a physically reasonable cut-off 650.4/A in the b-integrals, his resulis
for the hard term are by factors 3 - 5 lower than the data, even in the case of the
CZ wave function, in full agreement with our qualitative analysis of the problem.



V. CONCLUSIONS

The criticism [8, 14, 26, 15, 27, 23, 28, 29] of the early applicability of pertur-
bative QCD to hadronic form factors is now as healthy as il ever was. Moreover,
our main statements received an extra support from a number of recent investi-
gations [30,31,24], sometimes even from the studies {11,25] intended to disprove
our analysis. In any case, new experimental data unambigously resolving the
coniroversy are most welcome.
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