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The present state of theory and phenomenology of two-particle lepton—nucleon interactions at
intermediate energies is reviewed. The main tendencies in the development of theoretical ideas
about the dynamics in these interactions on the basis of QCD are outlined. The dual QCD
approach developed by the authors is discussed in detail. The weak and electromagnetic form
factors of the nucleon and electroproduction and neutrino-induced production of the A,
isobar are considered in the framework of this approach. The results of calculations agree well
with the available experimental data. The possibility of improving the existing estimates of the
QCD parameter A by a combined analysis of data on deep inelastic and two-particle lepton—

nucleon processes is considered.

INTRODUCTION

The problem of describing two-particle lepton-nucleon
processes lies at the transition from low- to high-energy
physics, and these are two branches of elementary-particle
physics that operate with very different concepts and meth-
ods. A fruitful tendency for mutual interpenetration has re-
cently been noted. This leads to a deeper understanding of
hadron physics and to the development of new ideas about
two-particle lepton-nucleon processes as a source of very
important information about the coherent properties of the
structure of the nucleon, which appears in the given case as a
single entity. In this they differ fundamentally from deep
inelastic processes, which probe the “hyperfine” nucleon
structure manifested in the region of large momentum trans-
fers (Q?) and large invariant masses of the final reaction
products.

It is well known that the standard formalism of asymp-
totically free QCD perturbation theory, so effective for
studying deep inelastic scattering, has not led to the desired
results when applied to exclusive-type processes. Therefore,
in contrast to deep inelastic processes, the theoretical inter-
pretation of elastic, quasielastic, and resonance reactions in
the framework of QCD has encountered serious difficulties.
Reliable results have been obtained in the theory of exclusive
processes only in the region of large momentum transfers,
Q? - . The development of factorization ideas made it pos-
sible to recover in QCD the classical quark counting rules'~
up to logarithmic factors and make asymptotic calculations
to a high level of rigor.**

However, it was soon found that these ideas are not
applicable for the description of real experimental data on
form factors. Direct extrapolation of the asymptotic expres-
sions to the region of moderate Q? values leads to clear dis-
agreement with the experiments. At the same time, there are
also purely theoretical arguments against the validity of
such an extrapolation. Indeed, the asymptotic analysis of the
form factors®® in the region Q2 — o establishes dominance
of the mechanism of hard quark rescattering.? At the same
time, direct application of this formalism in the region
Q% ~10 GeV? shows that the mean momentum transfers
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between the quarks, i.e., the virtuality of the intermediate
gluons, is much less than 1 GeV.” This contradicts the very
essence of the hard-rescattering mechanism and makes it
impossible to use perturbation theory based on asymptoti-
cally free QCD. At such virtualities, nonperturbative effects
must play the dominant role. The form factors enter the
asymptotic region only just below “astronomical” values of
the transverse 2.5

Allowance for nonperturbative effects in the frame-
work of quantum field theory is an extremely difficult prob-
lem and has still not yet been definitively solved. Among
theoreticians, this circumstance has created a deep pessi-
mism with regard to the possibility of applying QCD to the
description of the form factors, while among the experimen-
talists the so-called dipole parametrization has become more
and more popular. This parametrization has been widely
used to analyze data on elastic, quasielastic, and resonance
interactions and is still used. The results of this analysis are
presented in the form of the values deduced from the experi-
ments for the vector and axial masses (M, M , ), which
occur in the dipole formulas as free parameters. However,
one cannot ascribe any definite physical meaning to these
quantities, and their extraction does not yield real informa-
tion about nucleon structure. This is due to the fact that the
dipole formulas themselves are purely empirical parametri-
zations, lacking a theoretical foundation.

Thus, a particularly topical problem is the development
of new nonperturbative approaches to the description of ex-
clusive processes at moderate Q7 in the framework of QCD.
Significant process in this direction can be achieved by the
combined use of the formalism of asymptotically free pertur-
bation theory and various finite-energy sum rules and dis-
persion relations. In this case, the nonperturbative effects
are concentrated in the phenomenological parameters,
which are not calculated but do have a well-defined physical
meaning. Such an approach, which has received the general
designation of the QCD sum-rule method, was first pro-
posed in Ref. 9 and was applied to the description of the
masses and leptonic decay widths of hadrons. The pheno-
menological nonperturbative parameters are here the vacu-
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um condensates of the quarks, {(gg), and gluons, (G?),
which are universal for all processes. An extensive literature
has been devoted to the development of this approach,'®*?
which was subsequently generalized to the case of the had-
ron form factors.'*'* A good description of the experimen-
tal data was achieved in this way.

A different approach to the problem of the nucleon
form factors, the dual QCD approach, was developed by the
authors of the present review in Refs. 16-19. Like the other,
it is based on the use of finite-energy sum rules in perturba-
tive QCD. The two approaches have many common fea-
tures. In the latter, the entities analyzed are the nucleon
structure functions, and this makes it possible to exploit the
fruitful ideas of quark—parton phenomenology. The finite-
energy sum rules that provide the basis of the dual QCD
approach make it possible to relate the physical structure
functions of lepton—nucleon processes, containing contribu-
tions of resonances and the nucleon peak, to a smooth theo-
retical function calculated by the methods of QCD perturba-
tion theory. The finite-energy sum rules are obtained on the
basis of Wilson operator expansions on the light cone. How-
ever, the derivation of these sum rules is not rigorous, since
at the present time the structure of the contributions of the
Wilson operators of higher twists has not been fully investi-
gated. Therefore, this approach has a semiphenomenologi-
cal nature, and an important criterion for its consistency is
comparison with experimental data. The dual QCD ap-
proach gives a realization of Feynman’s well-known mecha-
nism in QCD, and this is an alternative to the hard quark
rescattering mechanism. In the framework of the approach
there is a partonlike picture of the two-particle processes,
and the nucleon form factors are expressed in a Lorentz-
invariant manner in terms of the quark distribution func-
tions. Its advantages include the fact that it can be applied to
any two-particle lepton—-nucleon process and also that the
calculations are simple. It is also very important that it en-
ables one to relate the physical characteristics of two-parti-
cle and deep inelastic lepton—nucleon processes and analyze
them together. This increases the reliability of the informa-
tion extracted from the experimental data about the quark
distributions in the nucleon and the value of the fundamental
QCD parameter A. The inclusion of data on the two-particle
reactions makes it possible to eliminate in the determination
of these quantities numerous uncertainties that arise from an
independent analysis of deep inelastic scattering and are as-
sociated with the region of large values of the Bjorken vari-
able x. In the combined analysis, the two-particle processes
become a source of additional information about the behav-
ior of the structure functions in this region.

We begin the consideration of two-particle lepton—nu-
cleon processes with a discussion of some general questions
of their phenomenology and the experimental status of the
problem.

1. ELASTIC AND QUASIELASTIC LEPTON-NUCLEON
SCATTERING

Processes of elastic and quasielastic lepton—nucleon
scattering are described by means of form factors that deter-
mine the structure of the matrix elements of the electromag-
netic and weak hadronic currents:
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Here, J ;" is the electromagnetic current, J; is the charged
or neutral weak current, g=p' —p, 0*= —¢*,and F,
and Fy .4 p are, respectively, the electromagnetic and weak
form factors, assumed real by virtue of 7 invariance.

From conservation of the vector current (CVC) there
follows a connection between the weak form factors F $; for
the charged current and the electromagnetic form factors
Gem:

Fiou="FY 2—F1, 2, (2)
2
Fy=(Gy—Gg)/t, Fy= (GE-]——-—!j& G ) /[

where 7=1+ Q*/(4M%); F"(Q*) and F5"(Q?) are
the Dirac and Pauli form factors of the proton and neutron.
From the structure of the weak neutral current in the Wein-
berg—Salam model,

Tie =T 2 sin? Bt (3)

(J® is theisovector current), and CVC we obtain a connec-
tion between the form factors F{/$, » for the neutral current
and the form factors F{$, » and the electromagnetic form
factors

Fiou= 5 F¥y—26i0200 P, 5 FI°=1FF.  (4)

For the electromagnetic form factors there are also scaling
relations,

G = GRi/p, =Gylp,, GE=0, (5)

where i1, = 2.79 and 4, = — 1.91 are the proton and neu-
tron magnetic moments, and G§ (0) = 1.

The hypothesis of partial conservation of the axial-vec-
tor current (PCAC) relates the divergence of the strange-
ness-conserving axial hadronic current to the pion field ¢ :

' 0,A, = mifapn, (6)

where f, = 94 MeV is the 7— uv decay constant. In accor-
dance with PCAC, the contribution of the axial-vector cur-
rent to the weak processes at small Q2 is largely determined
by the pion pole, and

F,(Q%) =~ 2MKF 4 (Q%)/\Q*+ m3), (7
Fo0)=—g = — f’:,‘ij—’;:v (Goldberger-Treiman relation),

where g, is the constant of the 7N interaction, and
ga = 1.23 is the axial coupling constant, measured in neu-
tron 3-decay experiments. The contribution of the pseudo-
scalar form factor F, to the cross section of quasielastic
(elastic) scattering of neutrinos is proportional to the mass
of the lepton in the final state, and therefore the term with F,
in (1) can be ignored.

The experimental nucleon form factors are determined
in experiments on elastic eN scattering, the differential cross
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section of which in the approximation of one-photon ex-
change is described by Rosenbluth’s formula®®

do_ o cos®(B/2) 1 ,
Qe ZET st (8/2) 2Mm [14 6 (0?)]

. 2

20 G (09) -+ 5o
T QAN

Gir (02)

X

+2tan () 59— 63 (@) |. (8)

-

Here, a is the fine-structure constant, @ is the scattering an-
gle in the laboratory system, E is the energy of the incident
electron,7 = 1 + (2E /M, )sin’ (6 /2),and 8’ (Q? ) isacor-
rection that arises when allowance is made for higher orders
in a in the electron—-photon vertex®':

8 @)~ 2 (g LAt

n T8 L kD,
The experimental data***” show that the scaling rela-
tions (5) are satisfied to within 5%. The most accurate mea-
surements have been made of the proton electromagnetic
form factors, whose dependence on Q? is usually approxi-
mated by the dipole formula

G4 (02 =GB (Q%)/p, = Goip (Q2) = (1 +QUMY)2,  (9)

where My, is the vector mass. The best agreement with ex-
periment is obtained for My = 0.84 GeV. However, the di-
pole parametrization (9) does not have a reliable theoretical
justification. Moreover, there are appreciable deviations of
the experimental data®® from the simple dipole dependence

(9):
GE (Q%) = G5 Q%) /1y, = A (Q2) Gy (QP)- (10)

The correcting factor A(Q?) is shown in Fig. 1.

The nucleon weak form factors are extracted from anal-
ysis of the differential cross sections do/dQ? of quasielastic
(elastic) v scattering:

= (B -y (g ey

1 5 2y ©Q° Fyr
—7 Fv—F3) g+ 0

[Far (1=1) gt P+ Fu F4F,) = F, ]},

VN
(1

where the coupling constant is G> = 5-10~** ¢m?-GeV ~ 2,
y=0?/(2MyE,), E, is the neutrino (antineutrino) ener-
gy, and the upper and lower signs correspond to neutrino
and antineutrino scattering, respectively.

The validity of CVC is usually assumed, and one uses
the connection between the weak form factors Fy , and the
electromagnetic form factors G, , which are parametrized
by the dipole formula Gg(Q?)=Gy(Q%)/(4,)

=A(Q*)(1 + Q*/M%) — 2. The experimental data on
the differential cross section (11) are then used to extract
information about the axial form factor F , . In the majority
of cases,”~** one again uses the dipole parametrization of the
axial form factor,
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FIG. 1. Deviation of the experimentally measured electromagnetic form
factor GZ(Q?) of the proton from the dipole parametrization
Gpr = (1 +0%0.71)2

Fau (@) = Fu (0)/(1 + QM)

and the experimentally measured parameter is assumed to be
the axial mass M , . The best agreement with experiment is
obtained for the value M, =1 GeV. Quasielastic neutrino
and antineutrino scattering has been the most fully stud-
ied.**-** Data on vV scattering are as yet sparse and insuffi-
ciently reliable.**-3°

The accuracy of the experimental data on quasielastic
vN scattering does not yet permit measurement of the devi-
ation of the Q* dependence of the axial form factor F, from
the dipole parametrization (12). Nevertheless, there are al-
ready indications of such a deviation.*® This circumstance,
and also the fact that the dipole parametrization of the nu-
cleon electromagnetic and weak form factors does not have a
theoretical justification, make it necessary to look for other
approaches to the description of the nucleon form factors.
We shall consider some of them in the following sections of
the present review, devoting the main attention to the dual
QCD approach that we have developed and its applications.
But here, as an alternative to the dipole parametrization of
the nucleon form factors, we consider the parametrization in
the framework of the model of vector-meson dominance and
its modifications at the quark level.

The hypothesis of vector-meson dominance establishes
aconnection of the isotriplet of vector ( V,, ) and axial-vector
(A, ) currents and the fields of the vector and axial-vector
mesons:

F,(0) = —1.23, (12)

m{'. m 2
Vu:}pipw Auzgdl_g%a”" (13)
Here, p, and a,, are the fields of the p and 4 ;, mesons, and 2,
and g, are the corresponding coupling constants. In accor-
dance with (13), the dominance model gives for the nucleon
form factors the predictions

G‘}j (02) .- G}\jl (02)/}1]: = mg (02 + "13)? ]
FP Q) =ma/(Q2+m2); FEC(Q) = gami /(Q2 + mk)).
(14)

However, these formulas do not describe the experimental
data well. Therefore, attempts have been made to modify the
vector-dominance model at the quark level. We discuss two
possible modifications.*®*’

We adopt a geometrical picture, in accordance with
which the mean-square nucleon radius (R?) is made up of
the radius (R*)qy of the region of confinement of the
quarks, determined by the wave function of their bound
state, and the radius (R * )y, of the cloud of vector and axial-

A. A. Bel'’kov and S. G. Kovalenko 47



vector mesons of each quark. Thus, the mesons interact di-
rectly with the quarks. Then the nucleon form factor F can
be represented approximately in the form

F (Q%) = Fqu (@) Fyp (@),

where the form factors F oy, and Fyp, correspond to the
“charge” distributions forming the regions (R?)qy and
(R?)yp, respectively. In the vector-dominance model, the
form factors Fyp (Q?) are determined by the expressions
(14). The form factor F o is determined by the wave func-
tion of the quarks in the nucleon and is introduced in differ-
ent ways depending on the chosen model.

The simplest empirical parametrization of the form fac-
tor F gy that describes the experimentally observed behavior
of the nucleon vector form factor has the form®

Fo (%) =exp [ — ¢ Q*RU(L+Q/(4ME) | ,

(15)

(16)

where R? = 6 GeV ~ 2. In this model, the nucleon vector and
axial form factors have the form*¢

roawron[ o (1+-50))
1-+Q%me o, ;

FV.A(QZ): (17)

where Fy, (0) = 1and F, (0) = — 1.23. Direct numerical
calculations show that the parametrization (17) for the vec-
tor form factor F', hardly differs from the dipole parametri-
zation, whereas the axial form factor F , calculated in accor-
dance with (17) in the region @2 =~0.5 GeV? is 10% greater
than the dipole form factor (12). Figure 2 compares the
differential cross sections of the v, n—u~ p reaction calcu-
lated for the dipole parametrization of the nucleon form fac-
tors and for the parametrization (17). In the region Q 2~0.5
GeV? at M, = 1GeV the difference between the differential
cross sections do/dQ?” reaches 3%. Analysis of the experi-
mental data®® showed that fitting of the differential cross
section of quasielastic vV scattering to the parametrization
(17) of the nucleon form factors is better by one standard
deviation than to the dipole formula.

A different representation of the form factor F 4, in Eq.
(15) was considered in Ref. 37 on the basis of the dynamical
model of factorized quarks.*® According to this model, the
incident particle (W=*, Z° y*) excites in the nucleon an
effective potential V4 (r), on which quasielastic scattering
of the constituent quarks occurs. The potential Vg (7) is
given in the relativistic configuration representation*® and

| \ e a2 i P e i |
2 L M, =0.96 GeV‘_
& 1}
5 $: 1 T TR [ | I
30 '
2 L 10 I
s-4 d =1
g .r -
|z'8 = =
a3 1.0% T
=12 -
-fﬁk TS T S AR TR s D | 0 [ 5 | ]
0 0% 08 12 16 20 2% 28

@2, GeV?

FIG. 2. Difference between the differential cross sections of v, n—u"p
quasielastic scattering for different parametrizations of the nucleon form
factors: ap,p is the cross section calculated with the dipole parametriza-
tion, and oy is the cross section calculated with the parametrization
(17) in the modified vector-dominance model.
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has the form V. (r) =&(r)/(4wr*). Then for the quark
scattering amplitude g; we obtain

gi (Q%) = yi/sh y;, y; = Arch (1—Q%/2mj),
where Q7 is the 4-momentum transfer on one quark of mass
m; (for simplicity, one can assume m; =my/3,
\/ 0?2 =0?/3). In the considered case, the nucleon form

factor is proportional to the product of the amplitudes of
quark scattering by the potential V4 and

Fox (%) ~ g (@®).

Thus, in this model the nucleon vector and axial form factors
have the form

(18)

(19)

3 2
Py @) =Fr.a O Trgmmr (20)
Since g; (0) = 1, the factor g; (@ ?) in (20) does not distort
the normalization of the nucleon form factors at @* = 0.
The use of the expression (20) leads to a better description of
the experimental data than do the dipole formula and the
parametrization (17).

2. ELECTROPRODUCTION AND NEUTRINO-INDUCED
PRODUCTION OF THE ISOBAR A,;

The processes of electroproduction (ep—A ™ e) and
neutrino-induced production (v, p—u~ A* ¥ ) of the Ay,
isobar are described by means of six form factors, which
occur in the matrix elements of the electromagnetic and
weak hadronic currents:

r em = ' C T R
(Agg (p") | T3 | N (p)) =%y (P) I:ﬁ @8y — qvVu)
C ’ .
e (00 g —avpi) | vt (1)
' w s ' Cs ~
(Aga (') | TR I N (p)) =9y (P) {[M—:;v (28uv— vV >
L (') v 00 | TS (@ — a0
M?\T uv n 5 My uv Vi,
g . M it
_M'h?;'_ ((P Q) Buv— gvpu) +C,r, guv"i‘]‘? (quH.} U (P) J
(20

Here, 1, is a Rarita-Schwinger spinor describing states with
spin 3/2, g =p' —p, C;, are the electroproduction form
factors of the A © isobar, and CY,, C (i = 3,..., 6) are the
form factors for neutrino-induced production of the A* *
isobar corresponding to interaction with the weak vector
and axial currents. By T invariance, all form factors are as-
sumed to be real functions of 2 = — ¢°.

From CVC and the assumption of dominance of the
magnetic dipole transition (M ; )*'*** there follows a connec-
tion between the electromagnetic form factors C; and C,:

C.=—Z2Ec,, (22)
where W is the effective mass of the 7N system into
which the A isobar decays. Since (A™7|V,|p)
=3 (A*|J:"| p), where V, is the strangeness-conserving
weak hadronic current, the form factors C Y, for neutrino-
induced production of the isobar are related to the electro-

magnetic form factors by
C:‘i(.-z:Vng.a- (23)
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From PCAC we obtain for the axial form factors of
A* * isobar neutrino-induced production the relations
C3 (Q%) = MXC3 (Q3/(Q*+ m3);
(0) 2 f*tgANn‘. _1 2

ma

(24)

where gay, = 2.11isthe A*™ ¥ pr ™ decay constant.

The electroproduction of the A* isobar has by now
been well studied. Its differential cross section can be ex-
pressed as follows in terms of the helicity amplitudes £, ,
and the scattering angle 6 of the electron in the laboratory
coordinate system*

do . cos? (6/2)

Qe e ( B) [1 T'O—E—bln ( y )]

<[(&

Mi
My

CD

QIQ

) i+ (2 )) Unl2+111)]

7 tan (

(25)

where E is the energy of the final electron, and
02=|0% + (1/4M3)(M% — M?% — |Q?|)? is the square
of the 3-momentum transferred to the nucleon in the A, rest
frame.

For analysis of the experimental data on A,, electro-
production one usually employs instead of the helicity am-
plitudes the VA transition form factors G ;s ,G ga ,and G ¢, :

Gia (O9) + G (07) :fﬁl Ufal2+ 1119),

Géa (03 = ;‘?“ 1ol2- (26)

The form factors Gy, G s, and G ¢, correspond to excita-
tions of the type M, , E,, and C, (Coulomb octupole), giv-
ing rise to the transition /= 1/2+ —J=3/2+ . There are
theoretical*'** and experimental**** indications that the
form factors G, and G, must be much less than G ,,,
(dominance of the dipole magnetic transition M , ). There-
fore, in the analysis of the angular distributions (25) of the
electron the form factors G, and G, are usually ignored
and only G, is directly extracted, being measured with
high accuracy in a wide range of @ values.*® Analysis of
data on the ep—eA ™ reaction in the language of the form
factors C;, (21) showed that the best description of experi-
ment is obtained using the parametrization*’

1C5 (@) > = (2.05)2 (149 Q% exp [—6,3V @Bl (27)

The v, p—u~ A™ ¥ process, which makes the main
contribution to the production of single charged pions in vp
interactions, has also been well studied.**>! For this pro-
cess, the total cross sections have been measured in a wide
range of neutrino energies E,, as have the differential cross
sections do/dQ” . The latter are of great interest not only for
extracting information about the form factors of neutrino-
induced production of the A" * isobar but also for verifica-
tion of PCAC, in accordance with which

do G2 ]
agr (@*=0)=7¢ s—_.wj‘?\- Wy GO g

where s is the square of the total effective mass. Extrapola-
tion of the experimental data to the point ¢ = 0 showed

49 Sov. J. Part. Nucl. 18 (1), Jan.-Feb. 1987

that the PCAC relation holds to within the experimental
errors of + 20%.%
In the analysis of experimental data on the v, D
— A* * reaction the vector form factors C Y4 are ﬁxed by
means of the relations (23) and (27), and information about
the axial form factors C £, 5 is extracted. These form factors
are parametrized as follows:

CLEY=CtO) (1+52%) [a+Qumiy, (29
where C3(0)=0, CH0)= —03, CA20)=12,
a4s = — 1.21,b,5 = 2.0in Adler’s model®%; C$(0) = 1.8,
ay= — 111, 5,=063, C2(0)= —18, a,= — 1.05,

b,=0.77,C$(0) =1.9,a5 = — 1.11, b5 = 1.32 in Zucker’s
model**; M , is the axial mass, a free parameter that is deter-
mined from experiment. Analysis of the data*® showed that
the best agreement with experiment is given by the parame-
trization (29) in Adler’s model, and Zucker’s model can be
rejected on the basis of the y* test. For the axial mass, the
result M, ~1 GeV is obtained in all cases. The achieved
accuracies do not yet permit one to speak of any significant
deviations of the results of experiment from calculations
with the dipole parametrization (29). However, the lack ofa
theoretical justification of this parametrization casts doubt
on the physical significance of the data analysis based on it.

3. NUCLEON FORM FACTORS IN QCD

The description of the hadron form factors in the frame-
work of quantum field theory is a difficult but urgent prob-
lem of elementary-particle physics. The general features of
the asymptotic behavior of the form factors were established
in the classical study of Ref. 1 by dimensional analysis. As a
result, quark counting rules were formulated, and these be-
came an inseparable part of modern ideas about the form
factors of composite particles. The quark counting rules pre-
scribe the following asymptotic behavior for the form factor
of a hadron consisting of # quarks:

1
F @) o o

In Ref. 2, a dynamical mechanism realizing such behav-
ior of the form factors was found—the mechanism of hard
quark rescattering, shown graphically in Fig. 3. It was justi-
fied in QCD on the basis of perturbation theory. It was estab-
lished’ that in QCD the power law (30) is satisfied up to a
logarithmic factor. In particular, the nucleon magnetic form
factor G, has the asymptotic behavior

Goe (@) o= (2522)* (s (@) 5. (31)

Here, ag = 47/ (8, In(Q*/A?)) is the chromodynamical
running coupling constant in the leading order,
Bo =11 —(2/3)ns, C = 4/3, and n; is the number of fla-
vors.

(30)

|

a I b

FIG. 3. Diagrams responsible for the asymptotic behavior of the form
factors of the pion (a) and nucleon (b).
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FIG. 4. Structure of the factorization for the nucleon form factors. The
generalized quark-hadron vertices together with the quark lines directly
next to them correspond to large distances (small virtualities), while the
remaining quark and gluon lines correspond to short du.tancus, i.e., vir-
tualities greater than a certain hadronic scale Ar~1GeV2.

However, the expressions (30) and (31) do not solve
the problem of describing the experimental data, since they
are essentially asymptotic. Hopes that the form factors enter
the asymptotic region at comparatively small @ were not
justified. We can give here the following theoretical argu-
ment. Following the standard procedure for separating the
contributions of large and small distances, we represent the
nucleon form factor in the form of the sum of diagrams in
Fig. 4. Essentially, such a representation amounts to succes-
sive separation from the quark-hadron vertex of various
configurations of “hard” quark and gluon lines, through
which a large momentum flows. As can be seen from Fig. 4,
the hard-rescattering diagram is only the third term of this
expansion. It is easy to estimate the relative contribution of
each of the three diagrams in Fig. 4. At 0 = 0, the main
contribution is made by the diagram of Fig. 4(a), since in
this case there is no large Q2 and the quark-hadron vertices
do not contain a hard component. The following diagrams
presuppose the presence of a large momentum. Their contri-
bution is suppressed compared with the first diagram by fac-
tors of order ag (M )7 =0.1and [as (My )/7])* <0.01, re-
spectively. Thus, the following picture emerges. In a certain
region of momentum transfers Q2 <t,,,, the simplest dia-
gram [Fig. 4(a)] is dominant. With increasing O the
mechanism of suppression of this diagram due to the pres-
ence of the rapidly decreasing Sudakov form factor of the
active quark comes into play. As a result, only the hard re-
scattering diagram of Fig. 4(c) survives in asymptotia, as
was to be expected. According to rough estimates,

toax ~ (@s/m) ~? -1 GeV?. Thus, the asymptotic perturba-
tive methods developed in QCD and used successfully to
analyze deep elastic scattering do not solve the problem of
the nucleon form factors in the region of realistic Q2 values,
since the dominant diagram of Fig. 4(a) corresponds to the
nonperturbative contribution. The need for nonperturbative
QCD methods arises.

Significant progress in this question is associated with
the use of dispersion sum rules and the idea of quark-hadron
duality. Such an approach, which has acquired the general
name of the method of QCD sum rules, was proposed in Ref.
9 and has been successfully used to describe the hadron
masses and decay widths. It was later generalized to the case
of hadron form factors (Refs. 14, 15, and 56-58). In particu-
lar, study of the elastic electromagnetic form factor of the
nucleon®® yielded sum rules of the type

So 5o
S dsy 3 ds, p; Pt (sy, 82, 1)
0 i
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By iBg
= 3 ds, \ dsy i1 (54, 8p, 1) =m2ANF (1),

0 0

(32)

which are well justified in the framework of realistic assump-
tions about the nucleon wave function. Here, pf" (s, 5, t)
are the physical (containing nonperturbative contributions)
andp}'(s,, $,, t) are the perturbative (calculated by pertur-
bation theory) spectral densities, S, is the duality interval,
and A is a normalization constant.

The last equation in (32), which establishes the connec-
tion between p™* and the nucleon form factors F;, follows
from the usual approximation of the physical spectral den-
sity:

oD (84, 85, 1) = W2ARF, (8) 8 (s, — M%) 6 (s,—

M%). (33)

This approach gives good results in the description of experi-
mental data® on the elastic nucleon electromagnetic form
factors (Fig. 5).

The authors of the present review developed indepen-
dently a different approach to the problem of the nucleon
form factors, similar in its logical structure to the one just
described but not related directly to the method of QCD sum
rules. Its basis is also the use of sum rules and quark-hadron
duality in QCD. The basic physical assumptions of our ap-
proach are less general and restrict the region of its applica-
bility to scattering problems. But it does have numerous ad-
vantages, which, in particular, make it possible to relate
two-particle processes to deep inelastic scattering processes.
In turn, this makes it possible to use the formalism of QCD
perturbation theory and the well-tested ideas of quark—par-
ton phenomenology.

We now turn to a detailed exposition of the dual QCD
approach and consider various applications of it.

4. LOCAL DUALITY AND SUM RULES FOR STRUCTURE
FUNCTIONS OF LEPTON-NUCLEON SCATTERING

The physical basis of the dual QCD approach is the idea
of Bloom and Gilman® of local duality, generalized in the
framework of QCD and consistent with its predictions. Du-
ality in lepton—nucleon interactions establishes a connection
between the Q02 dependence of the elastic nucleon peak and
nucleon resonances and the behavior of the smooth scaling

function F'(x') = Qljm F(x',0?%), where F(x', Q%) is the

lepton-nucleon scattering structure function. Here, instead
of the usual Bjorken variable x = @ /(2Mv) we have in-
troduced as the scaling variable x' = x/(1 + x*M %/0Q?),
with respect to which early scaling is observed (v and

Q? = — g are the energy and the square of the 4-momen-
4P I
o*-E . at-Fr i
0. -0.4
& $
0E[- o -0.3
]
C4 -0.2
02 1 1 I " L - I | | |
d /. — = M ¢ 0
2, GeVv?

FIG. 5. Proton and neutron form factors Q- F£"(Q?) calculated by the
methods of QCD sum rules.”® The experimental data are taken from Ref.
39,
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tum transferred to the nucleon in its rest frame).

The connection takes the form that the resonances con-
tained in the experimental data at small values of the invar-
iant masses W coincide with the smooth scaling function
F'(x") in the sense of the mean value over a sufficiently large
kinematic region (global duality). It is obvious that the re-
sonances themselves do not possess scaling, since any dimen-
sionless nucleon-resonance transition form factor
G(Q*/m*) must contain some dimensional parameter m?.
For purely kinematic reasons, resonances tied to definite
values of W are displaced when Q? increases to the point
x = 1. This displacement takes place in such a way that dual-
ity between the resonances and the smooth function F "x)
must be satisfied. As was shown in Ref. 60, duality must also
be valid in a local version, i.e., in the neighborhood of each
individual resonance and, more unexpectedly, in the neigh-
borhood of the elastic nucleon peak.

A basis for understanding Bloom-Gilman duality from
the point of view of field-theory QCD ideas was found in
Refs. 61 and 62 in the form of the relation

1 o
2

| a8 (7 € 09— P, 09) = 3 Baal0) (n k)",

1] k=1

(34)

which is obtained in-the formalism of Wilson operator ex-
pansions on the light cone. In this relation, F(£,0?) is a
combination of physical, experimentally observable, struc-
ture functions. In the region of resonances, F (£,0%) con-
tains corresponding resonance peaks and at W= M ~ the
elastic nucleon peak. The structure function F*™ (£,02) is
calculated by QCD perturbation theory and has logarithmic
behavior with respect to Q2. This is the smooth function, the
analog of the Bloom-Gilman limiting scaling function. It
corresponds to the leading contribution in 1/Q2 in the
expression (34), which is determined by Wilson operators of
twist 7 = 2. The power-law corrections in (M2/Q2)* in
(34) correspond to the contribution of the operators of high-
er twists 7=2k +2>2, whose matrix elements are
By, (@* )M +*. The scale M, of the power-law correc-
tions is determined by the intrahadron dynamics. The scale
could be the mean transverse momentum p; of the quarks
within the nucleon, My ~py ~1/R_,.; (R is the confine-
ment radius, and pr =0.4 GeV).

The power-law corrections of the nucleon mass scale,
which have a kinematic nature, are taken into account in
(34) by means of the £-scaling formalism,®' which predicts
scaling with respect to the variable

& =22/(1 4V 1+ 52031 Q?).

In Refs. 61 and 62, systematic use of the equations of
motion of the quarks in the gluon field and the application of
dimensional analysis to the matrix elements of the operators
of higher twists yielded the estimate

[ Brgn (@45 (@) | &1 (35)

foralln, k, 0*. Here, 4, (Q?) are the moments of the theo-
retical structure functions

1
A, (09 = | aeenr™ ¢, oo, (36)
0
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FIG. 6. Illustration of duality. The continuous curve is the result of fitting
the SLAC experimental data®; the broken curve is the theoretical struc-
ture function F ™ ; the arrow indicates the elastic peak.

Using the estimate (35), we rewrite the relation (34) in the
form

1 o0
[#EEE O—FY e 09 =1,093 (n )"
0 h=1

(37)
From this we obtain a series of finite-energy sum rules

l'.

B (FE Q)—F™E 09) 20 for n < QUM
Em (38)

The cutoff £,, at the lower limit of integration is introduced
here to reflect the early onset of scaling with respect to the
variable £ for £ < £, (nonresonance region). The sum rules
(38) express the property of global duality: In the resonance
region, the smooth theoretical curve F('? corresponding to
the contribution of the Wilson operators of twist 7 = 2 aver-
ages the physical structure function F, which oscillates
around it (Fig. 6).

The sum rules (38) can also be used to explain the local
duality found by Bloom and Gilman in deep inelastic lep-
ton-nucleon interactions. Applying the sum rules (38) to
each term of the localizing polynomial 2, which to the given
accuracy has the property [Fig. 7(a) ]

PEE, =2, ~0E—E)0(E—b), E.>E, (39)

where & are the limits of some resonance peak, we can
write'®
1

§ e G, 8) R & 09 —FM ¢, 09)

Em
i
= [ &EFE -F™ ¢ 0y ~0. (40)
&+
] z
i
|
X JL
T T R

FIG. 7. Profiles of localizing polynomials.
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This relation, which establishes equality of the observed and
theoretical structure functions over the neighborhood of an
individual resonance, is the expression of the property of
local duality.

However, for practical purposes the sum rules (40) are
of little use, since with decreasing Q2 the higher powers
(n~Q?/M?2) of the localizing polynomial (39) must be
rejected, since for them the sum rules (38) cease to hold.
Because of this, the localizing polynomial begins to spread,
and the relations (40) become meaningless. A good accura-
cy can be expected from the sum rules only for
Q2?2 Q:>Mj. According to the estimates of Ref. 16,
Q:~30 GeV2 Thus, the region that is most interesting
from the point of view of studying elastic and quasielastic
interactions is not covered by our treatment.

An attempt to extend the region of applicability of the
sum rules (38) and (40) was made in Ref. 16. To take into
account in the structure functions F'"’ the power-law cor-
rections of large scale (M, ~pr ~0.4 GeV), which destroy
the locality of the relations (40), a new scaling variable was
introduced:

t=t[14+28 (1+oem) |- (41)

It is readily verified that when the variable & is substi-
tuted in the sum rules (38) power-law corrections of scale
M, that correctly reproduce the behavior of the power (in
M2/Q?% series in (34) arise. Indeed, let us expand
F™ (£,0%) in powers of M 3/Q*:

, 09+ M,, : ﬂF‘“"(c & 40 ( w)

(42)

Al (E 0y = F(th)

and calculate the moments
1
e r™E 09

0

S dEEP U 2 02— (n4-1 ) S dEErF € Q).
0 0
(43)
The second term in this expression is obtained after integrat-
ing by parts. Returning with allowance for this to the inte-
gration over £ in (38), we find

1

jae@e e—r"E 09)

0
=4, Q) (1—(n+1) MyQ,+0 (M3/Q9). (44)

In the general case, making analogous calculations, we can
show that the coefficient of (M 2/Q*)* is proportional to n*
(n3>1). This agrees with the characteristic n dependence of
the series on the right-hand side of (34) and shows that the
introduction of the new scaling variable £ correctly models
the contribution of the power-law corrections (M3/Q7)*.
Moreover, the contribution of the twist-4 operators exactly
corresponds to the result obtained in Refs. 61 and 63 on the
basis of QCD.

Thus, by means of the variable £ it is possible to take
into account phenomenologically the power-law corrections
of the large scale ~M ,, and, as a result of this, we can expect
a significant improvement in the local properties of the sum
rules (40).
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Note that in integrating over the neighborhood of an
individual resonance in (40) we assume a correspondence in
the normalizations of the resonance excitation form factor
and the structure function F*™ . In the general case, such
correspondence is poorly justified. Sum rules that take into
account explicitly the possible difference between the nor-
malizations of the form factors and F''™ can be readily ob-
tained from the sum rules (38) by using the localizing poly-
nomial whose profile is shown in Fig. 7(b). Because of the
narrowness of the “normalization” peak of height 1/Z, situ-
ated opposite the peak of the resonance, and also with
allowance for the smoothness of F(“" we obtain'®

1
| dEr, EIE
Em

L E)VFE 0= daF‘“" E, oM. (45)

aw)
I [

This sum rule can be used to calculate the factors of
electroweak resonance excitation, the normalization con-
stant Z being assumed to be universal for all resonances.

It should be emphasized that the arguments given above
in the derivation of the sum rules (45), just as in the deriva-
tion of the relations (40), do not possess predictive power.
They merely make it possible to understand the position of
these sum rules and the local duality which they express in
the framework of QCD. One of the criteria for validity of the
sum rules (45) could be comparison of the theoretical re-
sults obtained on their basis with experimental data on lep-
ton—nucleon scattering.

5. DUAL QCD APPROACH TO THE DESCRIPTION OF TWO-
PARTICLE LEPTON-NUCLEON PROCESSES

The study of Ref. 16 develops an approach to the calcu-
lation of structure functions (form factors) of two-particle
lepton-nucleon processes based on perturbative QCD and
the concept of local duality. For the mathematical formula-
tion of the latter, the sum rules (45) are used.

We present the scheme of the dual QCD approach.

Restricting ourselves to the approximation of zero
width (I’ = 0), we write down the resonance components
of the physical structure functions in the neighborhood of a
resonance R of mass M in the form

Ff (v, Q2) =TT (0% 8 (v—vp); }
FR 5 (v, Q3)=vW5 5 (0% 8 (v—vp)/2My,

wherevy = (M% — My + Q%)/2M,and W* (Q?) arethe
required structure functions for production of the resonance
R.

Besides the resonance component, the structure func-
tions may contain an appreciable background admixture not
associated with the production of resonances. We then face
the problem of separating the resonance component from
the physical structure functions F that occur on the left-hand
side of the sum rules (45). Following Bloom and Gilman,*
we attempt to solve this problem by generalizing the well-
known ideas about the two-component nature of the scatter-
ing amplitude of strongly interacting particles® to lepton—
nucleon processes. According to these ideas, the resonance
component of the amplitude is associated with ¢-channel ex-
change of nonsinglet Regge trajectories, whereas the back-
ground component is associated with exchange of the Po-
meranchuk trajectory. Regge analysis of the structure
functions of deep inelastic scattering®®* indicates a direct

(46)
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connection between the nonsinglet (valence) part of the
structure functions and the nonsinglet Regge trajectories in
the 7 channel of virtual Compton scattering by the nucleon,
while the singlet (sea) part is connected with the Pomeran-
chuk trajectory. It is this that is the justification for associat-
ing the resonance components of the physical structure func-
tions F® with the nonsinglet parts of the corresponding
theoretical functions F*™™% and the background compo-
nents with the singlet parts.

Applying this method of separation, we write down the
sum rules (45) for the resonance structure functions:

\dazl Sa pIONS )
(47)

ol

dE'ch (.. ! E-f! §—) FFI: (g'l QZ)

+ B+

EI—

o]

(k= 1,2,3). Substituting here (46) and taking into account
the properties of the localizing polynomial 7, [Fig. 7(b)],
we obtain

£
TEQ) =210 (@) | dEE-uFE 03, (48)
EQo)
where
AT LD
ER(Q?) vRER (0?) 5
TR 0y = 2M VW .
T rER@y
Vi = (M 2 An)* — M3 +QY/(2My); } (50)
£k (09 =E (va, 0%; & (@) =E(v&, @3

Here, Ay is the width taken around the resonance peak, a
quasifree parameter bounded by the distance to the nearest
neighboring resonance.

The resonance structure functions (form factors) de-
termined by (48) do not contain singular points in the region
of spacelike momentum transfers, this being due to a proper-
ty of the variable £: £, (Q* = 0) = const > 0. The variables £
and x' do not have this property [£(Q%=0)

=x; (Q?=0) =0], and if they are used, the form factors
acquire an unphysical singularity at 0% = 0.

We represent the structure functions E (™™ in the
form of a sum over the partial structure functions of the
elementary transitions of the valence quarks g; —gy, taking
into account only transitions to the quark composition of the

considered resonance:
Fs{th).\'S (Es QZ) = E FK i Rk (Es 02)

The partial structure functlons F}, forthe (¥ — A) current
of the quark transitions

(51)

]'Lil.f — ‘Ef'\'u (C}:‘ it '\r’ﬁcﬁf) q; (52)

(C and C; are the vector and axial coupling constants)
have in the second order of perturbation theory the form

FYn@, Q8 = F gz, Q) +E251 g:é.gs)
X S % ByE ( ) Qz) Fign W @3, (53)

The running coupling constant g~

depends on the variable
Q7 as follows:
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4, (Q7) = 22 (QY) = ﬂ_

Q?‘ ] A~ 0-1—:‘ 0.5 GeV.
T

[ 8]
w| 5

(54)

The convolution kernels B ¥ are given in the Appendix. The

quantities % ., can be calculated using the formulas of the
parton model,

Fipon @ Q)= i (2, @2) 20, (55)
where
=(CYy +Ci7)(Byn + 85) — 2CT,C2404 (56)

are the structure functions of a point quark, and £{” are the
distribution functions of the initial valence quarks in the nu-
cleon, and they are subject to the QCD evolution equations
[see (78)].

We emphasize the importance of taking into account
the g° corrections to the leading logarithmic approxima-
tion, i.e., to the leading term of perturbation theory, from the
point of view of the group of problems considered here. In-
deed, in the study of resonance phenomena the greatest in-
terest attaches to the region of comparatively small Q2 (of
the order of several GeV), where these corrections are ap-
preciable and must be taken into account.

The mass corrections due to the nonzero mass M, of
the target nucleon and the mass m; of the quark formed in
the elementary interaction event are taken into account by
replacing the variable x in the parton formulas by £. We
ignore the mass of the active quark. We do not use the rigor-
ous formulas of £ scaling, since they become meaningless in
the region Q*~ M 3. However, it is known®' that in the re-
gion in which they are applicable almost the entire effect of
taking into account the mass corrections reduces to this
change of the variables. Therefore, the approximation which
we have made is correct in a fairly wide range of momentum
transfers Q2.

The expression (53) can be rewritten nominally as

FYn € O =ailms (1Y | & 09,

where 7, ( £{|£,07?) is a symbolic expression for a block of
expressions that do not depend on the parameters of the
(V — A) transition. Substituting (57) in the sum rules (48),
we obtain

(37)

Wk @)= 2 o/ Diyy (09); (58)
Diiy (@3 =1 (@) + B2 4 ooy, (59)
ER(Q)
HO @ =218 @) | @i e (60)
EhQY
1
WP @) =218 @) | @i e o9t
ihign
1 &
% 5 dzzl"*thk(a:)e(%—z). (61)

ER(Q It
From this it is readily seen that we have essentially arrived at
a partonlike picture of the two-particle lepton—nucleon pro-

cesses: Scattering takes place on a point quark—parton, after
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FIG. 8. Diagram of a two-particle lepton-nucleon process and parton
prescription for its calculation.

which the quark that has interacted recombines with two
spectator quarks into the given baryon resonance. Here, the
quark factor D {;, plays the part of the parton distribution
function. It is the integral transform of the distribution func-
tion of the valence quark of type i. A test of the recombina-
tion process is realized by the mass My of the resonance and
the width D ¥, taken around it, which occur in A . In addi-
tion, the functions D f,, contain hypothetical information
about large distances (the dependence on My~p1 ). An il-
lustration of what we have said is Fig. 8, which also gives a
clear diagrammatic prescription for calculating the struc-
ture functions W ¥ of the resonance processes.

When Egs. (58)-(61) are used in the region of small
QZ(szpT ), we shall replace Q2 by Q% + p% inf{’ (£,07)
and g* 22( Q?). This replacement is due to the circumstance
that the gluons within the nucleon cannot, by virtue of the
uncertainty principle, have zero momentum, and its mean
value is pr ~ 1/R_, ;. Therefore, in all QCD interactions
leading to the violation of scaling (to a Q* dependence in
£, the gluons participate with momentum Q2 + p% and
not @ *. Itis this that provides the justification for the forego-
ing substitution, which in essence is a manifestation of the
well-known “freezing” of the quark—gluon coupling con-
stant, which is expressed by g>(Q%—0) = g°>(p})#0.

In the dual approach, the asymptotic behavior of the
form factors as Q > — oo is determined by the behavior of the
quark distributions f{” (£,0?) in the limit x—1, i.e., by a
configuration of the quarks in which one of them carries the
entire gluon momentum. Thus, the dual QCD approach
gives a certain realization of Feynman’s well-known mecha-
nism®® in QCD.

We consider in more detail the asymptotic behavior of
the nucleon form factors £~ (Q?) in the given case. Our
point of departure is the QCD prediction for the threshold

behavior of the structure functions %*%°;
fr (z, Q) ——(1—2)7(@, (62)

where 7(Q?) =const + (4Cg/b)s, Cp =4/3, b=11
— (2/3)ng, and n; is the number of quark flavors. Substitut-

ing (62) in (58)-(61) and bearing in mind that

a+ (@* - 1, we find from the asymptotic estimate of
[0 EE

the integral

FY (@)

~ Vi, g e [ — 2 1 (In @) In Qz]. (63)

As was to be expected, we obtain the rapid decrease charac-
teristic of the Sudakov form factor’® with increasing @ 2. This
means that the asymptotic behavior of the form factor is
determined not by the Feynman mechanism but by the hard-
rescattering mechanism. The latter gives only a power-law
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decrease for the form factors. But in the region of moderate
Q?, as was pointed out in Sec. 3, the contribution of the hard-
rescattering mechanism is suppressed, and the situation is
reversed.

The structure functions af of transitions of point
quarks for the electromagnetic interaction are determined
by the squares of the electric charges of the quarks, and in the
case of the weak interactions by the structure of the weak
charged current in the GIM model®”;

JEE =uy, (1+7ys) (d cos O+ s sin ;)

+ ey, (1 +75) (s cos B —d sin B;) (64)

and by the structure of the neutral current (3) in the Wein-
berg-Salam model.

As an example, we consider a number of two-particle
lepton—nucleon processes, for which Fig. 9 gives the quark
diagrams corresponding to the parton prescription for cal-
culating the structure functions in the dual QCD approach.
The electromagnetic processes are described by two struc-
ture functions:

W™ Q%) = Di, » (@Y.

The two-particle processes due to interactions with the weak
charged current are characterized by the structure functions

A 02 =2 cos? Bchu 2 (@%),
(QZ) =2 cos? 0.D4s) (@%);

W € (0%) =4 cos® 8.D5,°5, (0%;
WE €€ (02 = —4cos? 0.D55° (0);
Wiy (09 = 2 sinz Bch(ll 2 (@%);
VC‘ (0% = —2 sin? Bch(a) (@3);

¢, (Qz) =4 sin? 0,D5" (1 2 (@%);
Wgo (Q%) = — 4 sin? 0.D5%, (02).

(65)

(66)

For the two-particle processes due to the interactions
with the weak neutral current the structure functions have
the form

Wﬂ:.-\C(Qz) (_._%xﬂ-!;:cz) D4, 2) (0%
(i}-— %— x) s (@%);
W)= (5 — 5=+ 5=) Dit 2 (@

‘"W"}a?e, NC (Qz) T (%—% .‘L‘) D(El‘)?ﬂ) (02)1

iR, NC A Ao
Wiy Q%) = (67)

where x = sin’0y, .

We use these results to describe the experimental data
and elucidate some problems relating to the experimental
status of QCD.

6. ANALYSIS OF EXPERIMENTAL DATA

To show that the dual QCD approach can be used to
describe two-particle lepton—nucleon processes, we consider
quasielastic and elastic lepton—nucleon scattering in the lep-
toproduction of the isobar A3 (ep—eA™, v, pou=A*T).

The weak and electromagnetic form factors of lepton—
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nucleon scattering are related to the resonance structure
functions W5™ and W'} by

We™ (Q%) = 2M ( (GR)* + 4M r (64 )/

(68)
4(;,2 Fi) +2MyF3.

W (@) =2My (Fi+
Using Eqgs. (2)-(5), we obtain

Fee
oy =Poy

=P (@) VW™, (()2) Ve
FSC‘:I:ﬁ W:Z:,_( (Q) Llrem)"l.’d

FY&y = —F1 —25in2 0Py 5, (()2) Ve,

NC 1 necc
F.\=.—_3~FA-

(69)
Here
Py (@) = (u,—pn—1) S (@9,
Py =(1+ ﬁ (8, — 1)) S7Q2) ;
Po (@)= (142 1) S @, (70)

p\' (02) = (P‘-;-— 1) S (02')’
S(Qy — |:2MN (1 ot "Qz

)

In the framework of the dual approach, the structure func-
tions W™ and W have the form

”,vtm DII(Z)(QJ) — [](:(}S2 GCD<J(2;(Q ) (71)

TABLE I. Results of analysis of experimental data in the dual approach.

FIG. 9. Examples of the application of the parton prescrip-
tion for calculations to calculation of the structure functions
of two-particle lepton-nucleon processes.

It is convenient to represent the expressions (59)-(61) for
the quark factor D,,, (Q?) in the form

=2 (02
D2 (Q2) =19 (@3 + L5801 (@2

i
HO(Q2) = 25T (@) | dtfv (1, @y 16 (1—1);

1 -
Q) =ZyT (@) | atfr (8, Q)10 (1=0) | daB, (a)

a; aglt

My , AMN 41]'\:
K(QEJ[TO“+‘ il }

K@) =1+5 (1 + g )5

A

Q> =Q*+ pi;
QY=

(72)

2 (l“K (Q"')
% (@ My (v.+VVIFQ) °
v, = My AN M40t
k= 2M 2

The normalization constant Z), is a free parameter, and the
width Ay taken around the nucleon peak is a bounded pa-
rameter (0<Ay <0.29 GeV).

The distribution functions fy (,Q@%) of the valence
quarks satisfy the QCD evolution equations. Specifying the
initial conditions, for example, in the framework of the QCD
parton model with Regge asymptotic behavior,**** we can
obtain to within a 3%-5% error solutions of these equations
in explicit form:

Qg. GeV? A, GeV bg bi Po B1 T Z‘\- Pops GeV
9 0.1 0,992 0,62 | 2.23 | 0,995 | 1,97 | 2.04=+=0.06 | 0,38==0.01
4 0.4 0.96 | 0,53 | 2.81 | 0.79 | 1,51 | 1.4440.05 | 0,449+0.008
10 0.16° LGB [ 11009 st d 2ot 2spatl-1d |oaaut )k
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where B(a,b) =T'(a)I'(b)/T" (a + b) is the beta function,
and

a0

D, B 2)= 2

k=10

s T(e+KT @) .
K ()T (B-+k)

T (@) = To+ 748 D(Q%) =by+bys; B(Q?) == By-F Bys;
In Q2/A2
o= In (Trgzar)

(74)

Here, Q2 is the normalization point, 7, = 0.64, and the
QCD parameters 7, by, by, By, B, are determined using the
data on deep inelastic lepton—-nucleon scattering®* (see Ta-
ble I).

In Ref. 18 data® on the proton electromagnetic form
factor G%, and the differential cross sections do/dQ? of
quasielastic®? and elastic®® neutrino and antineutrino scat-
tering were analyzed in the framework of the dual approach.
The free parameters in the analysis were the normalization
constant Z, and the mean transverse momentum p; of a
quark in the nucleon. The duality interval was chosen to be
maximal: Ay = 0.29 GeV. For the QCD parameters of the
quark distributions in the nucleon, 7, by, by, By, B,, the val-
ues obtained for different Q3 and A from analysis of data on
deep inelastic lepton-nucleon scattering®*’" were taken. Ta-
ble I and Fig. 10 give the results only for three sets of vari-
ables @7, A, Ty, by, by, Bos 51, these giving the best descrip-
tion of the experimental data on the elastic and quasielastic
lepton—-nucleon scattering. Altogether, eight variants of so-
lutions obtained using the analysis of the deep inelastic scat-
tering were analyzed. It can be seen from Fig. 10 that the best
description of the experimental data is obtained for values of
the QCD parameters corresponding to the variant with

= 10 GeV? and A = 0.16 GeV (last row of the table). It
is possible to reproduce not only qualitatively but also quan-
titatively the deviation of the proton electromagnetic form
factor G %; from the dipole parametrization in the region
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normalization of the differential cross section, whereas the
slope of the function log (do/dQ ?) is completely determined
by the mean transverse quark momentum p in the nucleon.
The difference between the calculated and experimental dif-
ferential cross sections do/dQ * for elastic v(¥) N scattering
can be attributed to the presence of a systematic error due to
the complexity of the normalization of the differential cross
sections do/dQ * and the neutrino spectra.

The electroproduction and neutrino-induced produc-
tion reactions are described by the structure functions WA i
and W$,, respectively. The invariant structure functions
W 5™ (65) are related to the helicity amplitudes . , [see
(24)] by

W™ (@) =% (1f, 24 1119
Wi (QZ)—MV [2 (&) 10+ S ar+ 1]

(75)

From (25), taking into account the dominance of the M,
transition in the ep—eA™ reaction, we obtain a simple con-
nection between the form factor G,,, (25) and the structure
function W 5™

bia (0%) = 8- 4™ (@), (76)

In Ref. 18, an analysis was made of the data*® on the form

factor G,;, and the differential cross section do/dQ ? of the
v, p—p~ A reaction,® which was expressed in terms of

the invariant structure functions W¢,; (66) as follows:

do e Bt \_A QFy 1 AT
dQ® (Ev)—ﬁ{(i_ E\._JE*) MN w2 (@)
TEATE Va @2 ToAtr A
+ e 4M vb' Wi (@) _( _.’._ER“) LMNE, Ws (Qz)} 2

(77)

where vy = Vg |p, = m, -
For the analysis of the data on the electroproduction

and neutrino-induced production of the A,; isobar use was
also made of various sets of values of the QCD parameters
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obtained from deep inelastic scattering data.’*”! For the du-
ality interval, the value A = 0.2 GeV was chosen. Figure
11 shows the results only for two sets of QCD parameter
values, these giving the best description of the data on the
electroproduction and neutrino-induced production of the
A, isobar and corresponding to the values Q2 = 9 GeV?,
A =0.1GeV,and 0} = 10 GeV?, A = 0.16 GeV (see Table
I). For the parameter p; in the first case we obtain
pr = 0.42 4+ 0.01 GeV, and in the second p; = 0.44 4 0.01
GeV. In both cases, the normalization constant Z,, is found
tobe Z, = 1.0+ 0.1.

Figure 12 shows the total cross section of the
v, p—pu~ A" reaction as a function of the neutrino energy.
Calculations in the dual QCD approach were made for the
values of the parameters obtained in the variant of the analy-
siswith Q3 = 10 GeV? and A = 0.16 GeV. For comparison,
the figure also shows the curve calculated in Adler’s mod-
e]'SZ

Combined analysis of all the experimental data given in
Figs. 11 and 12 showed that the best description is obtained
in the region Q > % 5 GeV? for the values of the QCD param-
eters corresponding to the variant with Q2 = 10 GeV?,
A =0.16 GeV. All the remaining variants must be rejected
on the basis of the y? test. The mean transverse quark mo-
mentum in the nucleon is found tobe pr = 0.43 + 0.01 GeV.
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FIG. 12. Dependence of the v, p—p~A™ * reaction cross sections on the
neutrino energy E,.. Experimental points: the black circles [sic] are from
Ref. 51, and the open circles from Ref. 49; the continuous curve represents
the calculations in the dual approach, and the broken curve is the result in
Adler’s model
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Thus, the analysis made in Ref. 18 of the experimental
data shows that the dual QCD approach makes it possible to
describe numerous two-particle lepton-nucleon processes
and to obtain independent information about the quark—
gluon structure of the nucleon. It has been shown that the
parameter py that arises in the dual approach is universal for
all elastic, quasielastic, and resonance processes, and this
confirms the physical interpretation given to it of the mean
transverse quark momentum in the nucleon. Our value
Pr =0.43 £ 0.01 GeV agrees well with the generally accept-
ed estimates of this parameter. We must also emphasize the
fact that the use as additional information of the experimen-
tal data on the two-particle lepton-nucleon processes at
moderate Q ? significantly reduces the uncertainty in the de-
termination of the parameters that characterize the quark
distribution in the nucleon with respect to the longitudinal
momentum. Such uncertainties are usual in the procedure of
extracting the quark distributions and the QCD parameter
A from the existing experimental data on deep inelastic lep-
ton-nucleon scattering.

7. ON THE VALUE OF THE QCD PARAMETER A

Quantum chromodynamics is now firmly established as
the theory of the strong interactions of elementary particles.
There is at present no theory capable of seriously competing
with QCD. And yet, what is its experimental status? How
secureis it? In particular, do the QCD predictions agree with
the extensive experimental data on deep inelastic scattering
at our disposal? Unfortunately, the affirmative answer to the
last question reflects the universal adherence to gauge theor-
ies rather than the real state of affairs. It would be more
correct to say that a definitive and unambiguous answer has
not yet been obtained. At the least, not a few very serious
problems remain to be resolved. Below, we shall consider
only one of them, namely, the model dependence of the re-
sults of comparison of the QCD predictions with experimen-
tal data. Such a dependence leads to significant uncertainties
when the QCD parameter A is deduced from data. Let us
explain the essence of the problem.

To this end, we recall the basic predictions of QCD for
the structure functions F; (x,Q *) of deep inelastic electron—
nucleon scattering. We have here the evolution equation
with respect to the variable Q 2. For simplicity, we consider
only the evolution of the nonsinglet components of the struc-
ture functions F }°(x,0?) in the leading order in ag (Q2):
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1

UeA-(Lp(5) 160, )

f (2, 0) = f1€ (@),

where
il 8) =l (@ Q%) B Q%) (79)
g _ 2 os (Q0F) .
ST B os (Q2) '

Q3 is the normalization point of the evolution variables. The
explicit form of the splitting function P(x) is given in the
Appendix.

The evolution equations written in the form (78) are
known as the Lipatov—Altarelli-Parisi equations.”*"™ From
these equations one can readily go over to algebraic equa-
tions for the moments (f), of the structure function

FLes):

(/‘ (S) >n == U;’C)n e”)l"s; (80)

in accordance with the definition

1

oy

(f () = \dx 2" [ (z, 5).

(81)

The two formulations of the QCD predictions in the form
(78) and (80) are mathematically equivalent. To solve
them, it is necessary to know the initial conditions /'€ (x),
i.e., the structure function at @* = QJ (s = 0). But these
cannot be calculated by perturbation theory and in the
framework of QCD are still undetermined. We emphasize
that uncertainties of this kind are due to the absence of ade-
quate methods of working with QCD on the scales of the
characteristic hadron dimensions. One way or another, to
test the predictions it is necessary to specify f€ (x) and
solve Eqs. (78) or (80). At this stage, it is necessary to use
models that determine the form of this function phenomeno-
logically. Thus, the results of comparing the QCD predic-
tions with the experimental data depend on the type of model
employed. Let us see whether this dependence is great and
whether it can be eliminated or at least weakened.

It would seem that the answer is obvious. We shall not
appeal to any model but directly choose a function
ST (x) =f(x,03) that passes through the experimental
points. In other words, we take it directly from the experi-
mental data. However, such a procedure is not unique. En-
tirely different functions can pass equally well through the
points but differ appreciably in the kinematic region in
which there are no points. Therefore, in this approach one
obtains not one but an entire class of functions. In principle,
the class can be restricted by further experimental measure-
ments. However, the arbitrariness cannot be completely eli-
minated. There are regions that for their own reasons are
effectively removed from the experimental data. Such are
the regions near the boundaries of the physical interval
x€[0,1]. Because of kinematic restrictions, experimental ad-
vance in the direction of the limit points x -0 and 1 is ex-
tremely difficult, to say nothing of the fact that the question
of the asymptotic behavior of f (x,Q *) is experimentally un-
resolved. Thus, in such an approach a model dependence of
the results of comparing the QCD predictions with the ex-
perimental data remains. This dependence can be ignored
only in two cases—if the prediction does not contain a con-
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tribution of the regions in which there are no data for
f(x,0%) orif one can succeed in relating its behavior in this
region to the behavior of other physical quantities for which
data are available. Below, we shall consider both of these
possibilities. The first is based on a new formulation of the
QCD predictions in terms of localized moments, and the
second on the use of the dual QCD approach.

We consider the first possibility. We introduce
F=sLdxR(x)f(x). We call f a localized moment
of the function f(x) if (o — S 2)dxR(x)f(x)/
SidxR(x) f(x) €1. In reality, the interval [a,b]le[0,1]
must cover the region most saturated with experimental
points. How can the QCD predictions be reformulated com-
pletely in terms of these quantities?

The following approach can be proposed.”” We start
from Eq. (78). To both sides, we apply the integral transfor-
mation

1
(Hw = | dza™11n"z f(2). (82)
]
Noting that
dm (f) dqm 2
NS e
0
L
= 5 e A T (83)
[}
we obtain the relation
(FEm = X Ck (f (O (etPine)mh, (84)
h=10

The { f) ™ here are auxiliary localized moments. The main
contribution to the value of { /') "™ is made by the region of
integration near the point x = m/(n — 1). The undesirable
contribution from the neighborhoods of the boundaries
x =0 and 1 of the physical region are suppressed more
strongly, the larger are n and m. The introduction of this
suppression is our aim. Nevertheless, the relation (84) con-
tains the poorly localized moments (f){™ with small
0<m<l (/is some required minimal degree of localization).
We eliminate them by means of a simple algebraic proce-
dure. We form a system of / equations, each of which is Eq.
(84) for different values of the index m = I-(2/ — 1):

1
FEND= 3 Cp¢f (0P (ePas)i-m,
k=n‘lt-—l (85)
(D = T Chioy (f (OP) (ePret-t-h,
k=0

Using this system, we express the / poorly localized moments
(f£(0))® with indices k=0-(/— 1) in terms of the
strongly localized moments ( £ (5))'*, (£ (0)) ¥ with in-
dices k>/. We substitute these expressions in (84) with
m = 2I. We obtain the equation

21-1

GNP — X R (s) (f o=

1

20—
= [(f (O)nt*"— kZl REF (—3) (F (0)3 | etPine. (86)

It does not contain poorly localized moments. The explicit
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form of R }*(s), which are linear-rational functions of s, is

given in Ref. 75. It is convenient to rewrite the relation (86)
in the form

1 |
[ da it (@ 9)1(@, 9= [dzQiz, 91z, 0), (87
0 b

where
211

21
i — -1 U NV i Lk (&
RL(z, s) ="' |In* ¢ bl In* zRL (s)], (88)

e, 5)= R} (v, —s)elPins,

The main contribution to Eq. (87) is made by the interval of
integration e~ /"~ D gxge /"= By appropriate
choice of / and n we can separate any interval in which we are
interested within the physical region of x. Figure 13 gives a
graph that represents the algorithm for this choice, and Fig.
14 shows the form of the functions R ! (x,s) and @/, (x,s) for
some values of n, /, and s.

Thus, we have formulated the QCD predictions (86)
and (87) completely in terms of the localized moments
(82), which are insensitive to the behavior of the structure
functions f (x,Q*) outside a given interval in x. We have
thereby eliminated the model uncertainties in the compari-
son of these predictions with the experimental data. We shall
use this circumstance and attempt to extract the QCD pa-
rameter A from the data. Its value will not contain uncon-
trolled systematic uncertainties associated with the arbitrar-
iness in the choice of the x parametrization of the functions
I (x0*).

To make the results more illustrative, we recall the
widely accepted scheme for analyzing data on the basis of
Eq. (80). First, it is necessary to establish the experimental
values of the moments { f; ), for different Q2. Since it is not
the moments themselves that are measured but the functions
S (x,0?), the following method is used. We choose a certain
parametrization

flx, Q%) =1 (z, {a}) (89)

with a set of free parameters {a}. For each set of experimen-
tal points, obtained for @ > = Q 2, the corresponding set {a, }
is determined from the condition of best agreement between
the parametrization (89) and these data. Then the analytic
expressions (89) are integrated in accordance with (81),
and the experimental values ( /'¢), of the moments are de-

1.5

10

0.5]

| S, |
o 02 04 06 08 1x

FIG. 13. Estimate of the effective interval of x from the maxima of the
extreme terms: 1) m =2, x,,,, =e ;D) m=1Lx,,. =e “,a=1/
(n—1).

termined. The error A{ f¢), is expressed in terms of the
uncertainties in the measurement of the function f (x,0%
by means of the parameters {a, }. Knowing ( f¢),, we can
turn to the verification of the relation (80). For this, we form
the functional

2 (g, A) = ((m” — (/" Haoh s(Q5,M)), )

L A(fae)n
(90)
where in accordance with (80)
(f {ao}y $(Q% An={f ({2e])dn 6Pt @A, (91)

Unknown here are the parameters {a,} of the initial condi-
tions and the QCD parameter A. Their values are deter-
mined by minimizing y°. Such is the usual approach. A seri-
ous shortcoming of it is the model dependence of the
procedure for finding { f%),, i.e., the dependence on the
form of the parametrization (89). There is an uncertainty
that seriously reduces the reliability of not only the extracted
values of A but also the conclusions relating to the overall
experimental status of QCD. The approaches in which Egs.
(78) for the functions f(x,0Q?) rather than the relations for
the moments are basic suffer from the same shortcoming.
Below, this circumstance will be illustrated quantitatively.
We now turn to analysis of the data on the basis of the
model-insensitive formulation of QCD in the form (86)-
(87). The scheme of analysis is close to that described above.
A difference is that in Eq. (90) it is necessary to replace the
ordinary moments { /), by the localized ones { f)¥:

FIG. 14. Dependences of R, (x,5) and Q' (x,5) on x for
n = 8. The continuous curve shows R/ (x,0) = Q 7(x,0),
the broken curve shows R’ (n,s), and the chain curve
shows @/, (x,5) for s = 0.4,

v
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I-1
(Fyn = (FH2D — ?:1 Rik (fyim, (92)

r

To avoid further uncertainties, we restrict ourselves to ana-
lyzing data on muon scattering by hydrogen at large Q 222
GeV?). Such data have been obtained by the EMC group.”
In their experiment, the maximal value of the variable x is
Xmax = 0.65. We take the parameter values n =4-9 and
I = 3 in the expressions (86) and (87). Then in accordance
with Fig. 13 the main contribution to these expressions will
be made by the region 0.2 x %0.7, which is the one most
saturated by data of the EMC experiment.

We shall find the moments { £¢), and { )" by using
two types of parametrization—the very simple one
Ax® (1 — x)” and a more complicated one that follows from
the model of Refs. 54 and 77. In addition, we shall fix the
parameters {a} by using alternately data lying in the two
ranges x = 0.05-0.65 and x = 0.25-0.65. Neither the one
nor the other can produce a significant difference between
the curves that model the function in the region
0.25<x<0.65. There is here an appreciable number of ex-
perimental points with small errors, and this forces all the
curves into a very narrow allowed corridor.

We have the opposite situation in the region
0.65<x <1, in which there are no experimental points.
Here, the modeling curves may differ arbitrarily strongly.
Nevertheless, the use of the relations (96), in which this
region is suppressed, must lead to a stable final result. But
the relations (80) may given an appreciable spread in the
parameter A. This is all reflected in Fig. 15, which gives the
results of our analysis. We give the dependence y*(A)/v in
all the variants listed above [v = N, — N, — lis the num-
ber of degrees of freedom in the minimization of y?, N, is
the number of relations employed in the sum (90), and NV, is
the number of parameters {a,} for 03 1.

It can be seen from Fig. 15 that the allowed values of the
QCD parameter A lie in a very wide range. This means that
the available experimental data on deep inelastic scattering
enable us to extract almost no information about the param-

xiv
54

2.0 A, GeV

005 10 15

FIG. 15. Depedence of y*/v on A: 1) the parametrization Ax“ (1 — x)#;
2) in accordance with the model of Ref. 54. The continuous curve is when
the range x = 0.05-0.65 is used to find {e, }, and the broken curve is when
the range x = 0.25-0.65 is used. The open circles are the positions of the
minima.
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FIG. 16. Result of simultaneous analysis of data on the structure func-
tions F, of deep inelastic scattering of muons by hydrogen, ™ the differen-
tial cross sections do/dQ * of the processes v, n -~ p (open circles) and
¥, p—p*n (black circles),’ and the electromagnetic form factor G §;.%

eter A without using model considerations. Numerical anal-
ysis shows’ that to reduce the error in the determination of
A to the level 309%—60% for a model-free determination the
data must be made more accurate by almost an order of mag-
nitude. If this could be achieved, we should have at our dis-
posal information about the QCD parameter A “purified” of
model uncertainties. As regards the values of this parameter
that are now widely quoted in the literature with errors in the
range 20%-50%, these results are essentially due to the
choice of a particular x parametrization of the structure
functions f (x,Q?*). Such results can be given a certain cor-
rectness by using the predictions of physically motivated
models in the choice of the x parametrization. For example,
the statistical parton model with Regge asymptotic behav-
ior™7! was used for this purpose in Refs. 55 and 71.

Thus, if we remain in the framework of the existing data
on deep inelastic lepton—nucleon scattering, we cannot rea-
lize the program of model-independent extraction of A. Ex-
tending the scope and including in a combined analysis data
on two-particle lepton—-nucleon processes, we arrive at a
quite new possibility for reducing the model dependence and
raising the reliability of the information about the parameter
A. 19

This possibility is based on the use of the dual QCD
approach. In its framework, the form factors and the cross
sections of the two-particle lepton—-nucleon processes are ex-
pressed in terms of the nonsinglet components of the struc-
ture functions of deep inelastic scattering, i.e., in terms of the
distribution function f (x,Q?) of the valence quarks. The
decisive contribution to the relations (58)-(61), which rea-
lize this connection, is made by the region of large x values.
Thus, by means of the experimental data on elastic and
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quasielastic lepton-nucleon processes one can catch the
“tail” of the function f (x,Q?) in this region and thus re-
duce the main model uncertainties that derive from it. The
most complete exploitation of this possibility consists of si-
multaneous analysis of the experimental data on the deep
inelastic and two-particle lepton-nucleon processes.

In this analysis, the free parameters are the set of con-
stants {a}, which characterize the quark distribution at the
normalization point Q 5, the QCD parameter A, and also the
normalization constant Z and the mean transverse quark
momentum py in the nucleon. We minimize the functional

: (%)B_z—gf‘{“}' Az, pp) |

: JC)

¥=x5 o}, N+ X

(93)

where y; is determined by the expression (90), and do/dQ*
are the cross sections of the elastic and quasielastic processes
and are related to the form factors by Eq. (11). We analyze
the experimental EMC data’ on deep inelastic x p scatter-
ing, and also the data® on the proton electromagnetic form
factors G {; and the cross sections do/dQ 2 of the vn —up,
vp— " n processes.”* The minimum of the functional (93)
is attained for the following values of the free parameters:

Pr=(580T4)) MeV; Z=3,29 + 0,07; A= (480+30;) MeV.
(94)

These numbers are almost independent of the choice of the x
parametrization of the function fv (x,0?) in the class al-
lowed by the y? test, since its behavior is very severely re-
stricted by the experimental data almost everywhere in the
physical region of the variable x (0.125<x<1.0). The results
of the analysis are given in Fig. 16. For our treatment, it is
important to draw attention not so much to the absolute
value A =480 MeV obtained for the parameter as to the
error in its determination and the model independence. The
absolute value of A is subject to a strong influence on the part
of a number of factors that are difficult to take into account.
For example, in the region of elastic and quasielastic data the
threshold effects associated with successive activation of the
quark flavors s, c, ..., etc., are very important.”®’® There are
also complexities that arise from the simultaneous analysis
of the deep inelastic and two-particle processes. It would be
desirable to eliminate from the treatment the singlet compo-
nents of the structure functions. In the framework of the
dual QCD approach they are not related to the nucleon form
factors and, therefore, drop out of the scheme of the simulta-
neous analysis. From this point of view, the cleanest data are
those on the structure function F; measured in vN scatter-
ing. Unfortunately, their accuracy is as yet insufficient for a
restriction to be made to this set of data in the simultaneous
analysis. All this has an uncontrollable effect on the extrac-
tion of the parameter A. Thus, absolute values of it must be
treated very critically until the sources of the main uncer-
tainties in the data analysis have been eliminated. We elimi-
nate one of them—the model uncertainty.

The sharp decrease of the error in the determination of
A when a simultaneous analysis of the data on the two-parti-
cle processes is included is noteworthy. We compare (94)
with the results of independent analysis of the data on deep
inelastic pp scattering: A = (400" ) MeV (see Fig. 15).
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The error has been reduced by almost two times, whereas the
number of experimental points has been increased by only
40% by the inclusion of the two-particle processes. This is
the main result of the simultaneous analysis, to which we
wished to draw particular attention.

8. CONCLUSIONS

Thus, we have reviewed the present status of the theory
and phenomenology of the two-particle lepton-nucleon pro-
cesses at moderate momentum transfers Q 2. We have out-
lined the main tendencies in the development of theoretical
ideas about the dynamics of these interactions based on
QCD. We have demonstrated how fruitful it is to use disper-
sion sum rules. In this manner, we have succeeded in formu-
lating satisfactory methods for calculating two-particle lep-
ton-nucleon processes, and we have achieved good
agreement with the experimental data. However, we must
mention the semiphenomenological nature of the existing
approaches to the description of these processes, this being
necessitated by the allowance that must be made for the non-
perturbative effects is in the region of intermediate energies.

In the review, we have presented two approaches based
on the use of sum rules in QCD. One of them'*" is a devel-
opment of the well-known method of QCD sum rules.’ Its
advantages are the wide cover of the phenomena of low-ener-
gy hadron physics and the sound physical basis. Thus, all the
phenomenological parameters of the approach associated
with the nonperturbative effects have a well-defined phys-
ical field-theoretical significance. This offers a prospect of
well-founded hopes of rigorous calculation of them in the
framework of QCD. Serious limitations on the applicability
of this approach are imposed by the need to eliminate from
the physical quantities a certain unphysical parameter al-
ways present in it. We may also mention a certain complex-
ity of the applications of the approach to scattering prob-
lems. Therefore, only elastic electromagnetic eN scattering
has so far been calculated in the framework of this approach.

The dual QCD approach developed by the authors of
the review is much simpler in applications to all two-particle
lepton-nucleon processes. It is fairly transparent, and calcu-
lations in its framework can be algorithmized. This has made
it possible to calculate the electromagnetic and weak form
factors of the nucleon, and also the cross sections of electro-
production and neutrino-induced production of the A,; iso-
bar. The results of the dual QCD approach are in agreement
with the available experimental data. Although this ap-
proach does not possess the generality inherent in the ap-
proach based on the QCD sum rules, it does enable one to
establish a nontrivial connection between two-particle lep-
ton—nucleon processes and deep inelastic processes. This is
due to the fact that in the framework of the dual QCD ap-
proach the nucleon form factors are expressed in terms of the
distribution functions of the valence quarks with respect to
the fractions of the longitudinal nucleon momentum. These
same functions occur in the expressions for the cross sections
of deep inelastic scattering, and this made it possible to at-
tack the problem of their simultaneous analysis with two-
particle processes. An important result of such analysis is
the more accurate determination of the fundamental QCD
parameter A from the experimental data. It appears to us
that already at the present time there exist approaches to the

A. A. Bel'kov and S. G. Kovalenko 61



description of two-particle lepton-nucleon processes that
are well founded in the framework of QCD. The use of their
results for data analysis makes it possible to extract impor-
tant physical information about nucleon structure. Especial-
ly topical in this connection, besides deep inelastic scatter-
ing, is a more detailed experimental study of exclusive
processes.

Wethank V. V. Ammosov, B. A. Arbuzov, S. A. Bunya-
tov, Yu. P. Ivanov, P. S. Isaev, A. V. Radyushkin, A. L
Mukhin, V. A. Petrov, and K. E. Shestermanov for helpful
discussions and comments.

APPENDIX

The convolution kernels B, are the Mellin transforms
of the expansion parameters of the Wilson coefficient func-
tions’* and have the form

Bew=g 2 {20001 4 (li(’_—:;flh
2 3z Inz
-(i n2+9) S(1—ax)— m—érmﬂ— 43:—{—3} :

By (v)=B, () 7-?- z, By (r)=B,(z)— %.‘c (1+2).

The generalized functions identified by the index ({ + ))
are determined by the rules of integration
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where /4 (x) is a function that is regular at the boundary
points. In practical calculations one must deal with integrals
with a variable lower limit. From the definition of the gener-
alized functions there follow the rules of integration
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The splitting function P(x) has the form
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