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P33„1232… resonance contribution to the amplitudesM 11
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Within the fixed-t dispersion relation approach we have analyzed the TJNAF and DESY data on the
exclusivep(e,e8p)p0 reaction in order to find theP33(1232) resonance contribution to the multipole ampli-
tudesM11

3/2 ,E11
3/2 ,S11

3/2 . As an input for the resonance and nonresonance contributions to these amplitudes the
earlier obtained solutions of the integral equations which follow from dispersion relations are used. The
obtained values of the ratioE2/M1 for the g* N→P33(1232) transition are 0.03960.029,0.12160.032,
0.0460.031 forQ252.8, 3.2, and 4 (GeV/c)2, respectively. The comparison with the data at lowQ2 shows
that there is no evidence for the presence of the visible perturbative QCD~PQCD! contribution into the
transitiongN→P33(1232) atQ253 – 4 GeV2. The ratioS11

3/2/M11
3/2 for the resonance parts of multipoles is

20.04960.029,20.09960.041,20.08560.021 forQ252.8, 3.2, and 4 (GeV/c)2, respectively. Our results
for the transverse form factorGT(Q2) of the g* N→P33(1232) transition are lower than the values obtained
from the inclusive data. With increasingQ2, Q4GT(Q2) decreases, so there is no evidence for the presence of
the PQCD contribution here too.@S0556-2821~99!03303-2#

PACS number~s!: 13.60.Le, 11.55.Fv, 11.80.Et, 25.30.Rw
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I. INTRODUCTION

It is known that the question of how highQ2 must be for
perturbative QCD to dominate in exclusive processes
subject of controversy and has caused intense debates
the past two decades~a detailed discussion of this proble
can be found, for example, in Ref.@1#!. Although theQ2

behavior of the pion and nucleon form factors manifests
features which are characteristic of perturbative QC
~PQCD! beginning with smallQ2, there is no consisten
quantitative description of the experimental data with
PQCD. From the quantitative description of the availa
data it is seen that soft mechanisms play an important,
possibly dominant, role in the region of a few GeV2. The
dominance of the PQCD contribution may depend stron
on the specific reaction. For example, it is possible@1# that
the asymptotic value of the leading-order helicity-conserv
amplitude for theg* N→P33(1232) transition is numerically
small; as a result, the PQCD contribution into this transit
may be suppressed over a large range ofQ2. In the present
paper we will analyze experimental data on the cross s
tions of the exclusive reactionp(e,e8p)p0 obtained recently
at TJNAF atQ252.8 and 4 (GeV/c)2 @2# and more earlier
DESY data atQ253.2 (GeV/c)2 @3# in order to extract an
information on theg* N→P33(1232) transition in the region
of Q253–4 (GeV/c)2. This information is useful for un-

*Email addresses: aznaur@jerewan1.yerphi.am,
aznaury@cebaf.gov

†Email address: stepanyan@jlab.org
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derstanding the role of the range ofQ253 – 4 (GeV/c)2 in
the transition to the PQCD regime for theg* N
→P33(1232) transition.

The investigation of the transitiong* N→P33(1232), us-
ing the experimental data on the pion photoproduction a
electroproduction on the nucleons, is connected with
problem of the separation of the resonance and nonreson
contributions in the multipole amplitudesM11

3/2 ,E11
3/2 ,S11

3/2 ,
which carry information on this transition. These amplitud
may contain significant nonresonance contributions, a
which was clear when the first accurate data@4,5# on the
amplitudeE11

3/2 at Q250 was obtained. The energetic beha
ior of this amplitude, in fact, is incompatible with the res
nance behavior. The first investigations of this proble
@6–8# showed that it is closely related to the problem
fulfillment of the unitarity condition, which for electropro
duction amplitudes in theP33(1232) resonance region mean
the fulfillment of the Watson theorem@9#:

M ~W,Q2!5exp@ id11
3/2 ~W!#uM ~W,Q2!u. ~1.1!

HereM (W,Q2) denotes any of the multipoles under cons
eration, andd11

3/2 is the phase of the correspondingpN scat-
tering amplitudeh11

3/2(W)5sin@d11
3/2(W)#exp@id11

3/2(W)#.
There are different approaches for the extraction of inf

mation on theg* N→P33(1232) transition from the pion
photoproduction and electroproduction data with the diff
ent forms of the unitarization of the multipole amplitude
These approaches can be subdivided into the follow
groups: the phenomenological approaches@6–8,10# includ-
ing the approaches based on theK-matrix formalism@11,12#,
©1999 The American Physical Society09-1
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I. G. AZNAURYAN AND S. G. STEPANYAN PHYSICAL REVIEW D59 054009
the effective Lagrangian approaches@13–17# with different
phenomenological forms of the unitarization of amplitud
the dynamical approaches@18–24#, and the approache
based on the fixed-t dispersion relations@25–27#.

In this work our analysis will be based on the solutio
for the multipole amplitudesM11

3/2 ,E11
3/2 ,S11

3/2 obtained in
Ref. @27# using the fixed-t dispersion relations within the
approach of Refs.@28,29#. This approach is very useful fo
the extraction of information on theg* N→P33(1232) tran-
sition, because in a natural way it reproduces the resona
and nonresonance contributions into the multipole am
tudes, and the obtained solutions satisfy unitarity condit
~1.1!. Let us discuss this in more detail using the simplifi
version of the dispersion relations for these multipoles w
the s-channel cut only, i.e., in the form which is similar t
the dispersion relations in the quantum mechanics

M ~W,Q2!5MB~W,Q2!1
1

p E
Wthr

` Im M ~W8,Q2!

W82W2 i«
dW8.

~1.2!

HereMB(W,Q2) is the contribution of the Born term~i.e., of
the nucleon and pion poles! into the multipoles. As it was
discussed in more detail in Ref.@27#, we can write in the
integrand of Eq.~1.2! Im M(W,Q2)5h* (W)M(W,Q2) due to
the fact that thepN amplitudeh11

3/2(W) is elastic up to quite
large energies. Thus, the dispersion relation~1.2! transforms
into the singular integral equation which has a solution in
following analytical form ~see Ref. @28#, and references
therein!:

M ~W,Q2!5Mpart~W,Q2!1cMMhom~W!, ~1.3!

where

Mpart~W,Q2!5MB~W,Q2!1
1

p

1

D~W!

3E
Wthr

` D~W8!h~W8!MB~W8,Q2!

W82W2 i«
dW8

~1.4!

is the particular solution of the singular equation, genera
by the Born term, and

Mhom~W!5
1

D~W!
5expFW

p E
Wthr

` d~W8!

W8~W82W2 i«!
dW8G

~1.5!

is the solution of the homogeneous equation

Mhom~W!5
1

p E
Wthr

` h* ~W8!Mhom~W8!

W82W2 i«
dW8, ~1.6!

which enters the solution~1.3! with an arbitrary weight, i.e.,
multiplied by an arbitrary constantcM .

The analogy with quantum mechanics shows that the
lution Mpart(W,Q2) is the modification of the Born contribu
tion produced by thepN rescattering in the final state~see
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Ref. @30#, Chap. 9!. This modification unitarizes the Born
contribution which by itself is real:

Mpart~W,Q2!5exp@ id~W!#

3@MB~W,Q2!cosd~W!1ea~W!r ~W,Q2!#,

~1.7!

where

r ~W,Q2!5
P

p E
Wthr

` e2a~W8!sind~W8!MB~W8,Q2!

W82W
dW8,

~1.8!

a~W!5
P

p E
Wthr

` Wd~W8!

W8~W82W!
dW8. ~1.9!

So, Mpart(W,Q2) should be considered as the nonresona
background to the resonance contribution.

It is natural to identify with the resonance contribution t
solution Mhom(W), because the dispersion relation~1.2!
takes the form~1.6!, when only theP33(1232) resonance
contribution in thes channel is taken into account. This s
lution satisfies the unitarity condition~1.1! too,

Mhom~W!5
1

D~W!
5exp@ id~W!#ea~W!. ~1.10!

From Eq. ~1.7! it is seen thatMpart(W,Q2) has a non-
trivial energy dependence. The factor at exp@id(W)# in
Mpart(W,Q2) is determined mainly by the first term in th
brackets and changes the sign in the vicinity of the re
nance. The comparison with the experiment shows that
amplitude E11

3/2 at Q250 is described, in fact, by
Mpart(W,Q250) @27#. Hence, this amplitude is mainly o
nonresonance nature, and its nontrivial energy dependen
due to the the final state interaction in the Born term.

It is important to note that such type nonresonance c
tributions exist in all dynamical models@18–24#. They are
produced by rescattering effects in the pole terms of th
models and have the same type nontrivial energy depend
as Eq.~1.7!. However, the magnitudes of these contributio
are quite different, because their investigations within
models contain many model uncertainties coming from
cutoff procedures, the methods of taking into account o
shell effects, and the methods of the treatment of the ga
invariance. These uncertainties are discussed in deta
Refs.@31,32#.

It is interesting that in the phenomenological approac
based on theK-matrix formalism@11,12# and in the effective
Lagrangian approach of Ref.@16#, with the unitarization
made by the Noelle method@33# or using theK-matrix an-
satz, the nonresonance contributions into the multipo
M11

3/2 ,E11
3/2 ,S11

3/2 have the same kind of energy dependence
Eq. ~1.7!. In these cases such energy behavior of the n
resonance contributions is also connected with thepN inter-
action in the final state.

In Refs.@25,26# at Q250 the fixed-t dispersion relations
are used in the same way as in Ref.@27#. However, the
9-2
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P33(1232) RESONANCE CONTRIBUTION TO THE . . . PHYSICAL REVIEW D 59 054009
interpretation of the obtained solutions of the integral eq
tions is different, although the results for the whole amp
tudesM11

3/2 ,E11
3/2 are the same as in Ref.@27#. In order to

extract theP33(1232) resonance contribution in Refs.@25,
27# the method of the speed plot analysis is used. As a re
ignoring the physical nature ofMpart(W), the resonance con
tributions in these parts of the amplitudes are found.

In Sec. II the multipole amplitudes which are include
into the fitting procedure in our analysis are listed, and
fitted parameters are specified. In Sec. III the results of
analysis of the TJNAF data atQ252.8 and 4 (GeV/c)2 @2#
and of the DESY data atQ253.2 (GeV/c)2 @3# are pre-
sented. The comparison with theoretical predictions and w
the behavior of the amplitudes, which is characteristic of
PQCD asymptotics, is made.

II. DISPERSION RELATIONS AND PARAMETRIZATION
OF MULTIPOLE AMPLITUDES

In our analysis we use the fixed-t dispersion relations for
the Ball invariant amplitudesB1 ,B2 ,B3 ,B58 ,B6 ,B8 @34#,

which for the reactiong* p→p0p (Bi
(p0p)5Bi

(0)1Bi
(1)) re-

quire no subtraction:

ReBi
~p0p!~s,t,Q2!5Ri

~p!S 1

s2m2 1
h i

u2m2D
1

P

p E
sthr

`

Im Bi
~p0p!~s8,t,Q2!

3S 1

s82s
1

h i

s82uDds8. ~2.1!

Here s5(k1p1)2, u5(k2p2)2, t5(k2q)2, Q252k2,
k,q,p1 ,p2 are the four-momenta of virtual photon, pion, in
tial, and final protons, respectively,h15h25h651,h3

5h585h8521,sthr5(m1m)2, m and m are masses of the
nucleon and the pion, andRi

(p) are the residues in the Bor
pole terms

R1
~p0p!5ge~F1

~p!12mF2
~p!!,

R2
~p0p!52geF1

~p!~Q2!,

R3
~p0p!52

ge

2
F1

~p!~Q2!, ~2.2!

R58
~p0p!5

ge

2
~m2Q22t !F2

~p!~Q2!,

R6
~p0p!52geF2

~p!~Q2!,

R8
~p0p!5geF2

~p!~Q2!,

where in accordance with the existing experimental data
have
05400
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e2/4p51/137, g2/4p514.5,

F1
~p!~Q2!5S 11

g~p!t

11t DGdip~Q2!,

F2
~p!~Q2!5

g~p!

2m

Gdip~Q2!

11t
,

Gdip~Q2!51/@11Q2/0.71~GeV/c!2#,

t5Q2/4m2, g~p!51.79. ~2.3!

The imaginary parts of the amplitudesBi
(p0p)(s,t,Q2) we

obtain using their expressions through the intermediate
plitudes f i ~the corresponding formulas are given in our e
lier work @27#! which have the following decomposition ove
multipole amplitudes:

f 15( $~ lM l 11El 1!Pl 118 ~x!

1@~ l 11!Ml 21El 2#Pl 218 ~x!%,

f 25( @~ l 11!Ml 11 lM l 2#Pl8~x!,

f 35( @~El 12Ml 1!Pl 119 ~x!1~El 21Ml 2!Pl 219 ~x!#,

f 45( ~Ml 12El 12Ml 22El 2!Pl9~x!,

f 55( @~ l 11!Sl 1Pl 118 ~x!2 lSl 2Pl 218 ~x!#,

f 65( @ lSl 22~ l 11!Sl 1#Pl8~x!, ~2.4!

wherex5cosu, u is the polar angle of the pion in the c.m.
The relations of the amplitudesf i to the helicity amplitudes
and to the cross section are also given in Ref.@27#.

It is known that ats8,s in the integrands of the disper
sion relations~2.1! written at fixedt there is an unphysica
region, whereux8u5ucosu8u.1. In this work we analyze data
in the P33(1232) resonance region, and, therefore, the
physical region is close to the threshold, where the imagin
parts of the multipole amplitudes are proportional touqu2l 11.
For this reason the role of this region in our analysis is
significant. In addition, with increasingQ2 the unphysical
region becomes smaller. For example, if we analyze dat
W51.232 GeV the range ofx8 near threshold atW8
51.1 GeV is @0.72– (29.1)# at Q250, @3.3– (22.3)# at
Q254 (GeV/c)2, and@3.7– (21.6)# whenQ2→`.

Let us consider the parametrization of the multipole a
plitudes now. For the resonance amplitudesM11

3/2 ,E11
3/2 ,S11

3/2

we use as an input the solutions of the integral equati
which follow from the dispersion relations for these amp
tudes. According to these solutions obtained in Ref.@27# the
resonance multipoles are sums of the particular and hom
neous solutions of the integral equations. The particular
9-3
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I. G. AZNAURYAN AND S. G. STEPANYAN PHYSICAL REVIEW D59 054009
lutions which correspond to the nonresonance contributi
into the multipoles have definite magnitudes fixed by
Born terms. The homogeneous solutions correspondin
the resonance contributions have definite shapes fixed by
homogeneous integral equations which correspond to the
persion relations forM11

3/2 ,E11
3/2 ,S11

3/2 with the zero Born
terms. The weights of these solutions are arbitrary a
should be found from the requirement of the best descrip
of the experimental data. So, the resonance multipoles b
into our analysis three fitting parameters which are
weights of the resonance contributions in the multipo
M11

3/2 ,E11
3/2 ,S11

3/2 .
In the P33(1232) resonance region a significant contrib

tion into Im fi for the reactiong* p→p0p can give also the
following combinations of the nonresonance multipole a
plitudes:

E01
~0!1

1

3
E01

1/21
2

3
E01

3/2 ,

S01
~0!1

1

3
S01

1/21
2

3
S01

3/2 ,

M12
3/2 , and S12

3/2 . ~2.5!

This is connected with the fact that thepN phases corre-
sponding to these multipoles are large enough, so, t
imaginary parts can be significant. In order to take into
count these multipoles in Imfi , we have calculated their rea
parts from the Born terms, then the imaginary parts of
multipoles were found using for the correspondingpN
phases the following analytical formulas:

d01
1/25

75uqu
112.5uqu

,

d01
3/25245uqu@11~2.2q!2#,

d12
3/252~6.9uqu!3, ~2.6!

whereq is the three-momentum of the pion in the c.m.s.
the GeV units, the phases are in the degree units, and
numbers are in the GeV21 units. These formulas describ
well experimental data on the phasesd01

1/2 ,d01
3/2 ,d12

3/2 @35–37#
up to EL5(W22m2)/2m50.5 GeV. At larger energies th
smooth cutoff for the contributions of Eq.~2.5! was made.
We have introduced in our analysis four additional fitti
parameters in the form of the coefficients at the combinati
~2.5! found in the above described way. These parame
were allowed to vary in the narrow region in the vicinity
1.

In the description of the data in theP33(1232) resonance
region the contributions of the resonances with hig
masses, predominantly from the second resonance re
should be taken into account in the dispersion integrals
the region ofQ253 – 4 (GeV/c)2 which we analyze in this
work there is no information on the form factors of the
resonances, exceptS11(1535). By this reason we begun ou
analysis with the DESY data which cover the second re
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nance region. In this analysis we had additional fitting p
rameters for the contributions of the amplitudesM12

1/2 ,S12
1/2

for the P11(1440) resonance, of the amplitudesE01
1/2 ,S01

1/2 for
the S11(1535) resonance, and of the amplitud
E22

1/2 ,M22
1/2 ,S22

1/2 for the D13(1520) resonance. The contribu
tions of these amplitudes were described in the Breit-Wig
form according to the parametrization of Ref.@38#. For the
multipolesMl 1 ,Ml 2 ,El 1 ,El 2 it has the form

MB2W~W,Q2!5
MG~W,Q2!

M22W22 iM G~W,Q2! S qr

uqu D
l 11S uku

kr
D l 8

.

~2.7!

For the multipolesSl 1 ,Sl 2 the Breit-Wigner parametrization
is

SB2W~W,Q2!5
MG~W,Q2!

M22W22 iM G~W,Q2! S qr

uqu D
l 11S uku

kr
D l 811

.

~2.8!

Here l 85 l for Ml 1 ,Ml 2 ,El 1 ,Sl 1 , l 85 l 22 if l .1 for
El 2 ,Sl 2 , and l 851 for S12 , M andG are the masses an
the widths of the resonances,kr ,qr are the photon and pion
three-momenta in the c.m.s. atW5M , and

G~W,Q2!5GS uqu
qr

D 2l 11S qr
21X2

q21X2D l

, ~2.9!

X50.35. So, in the analysis of the DESY data there
seven additional fitting parameters which are the coefficie
in Eqs. ~2.7!,~2.8! for the abovementioned multipole ampl
tudes. These parameters we consider as effective value
the description of the second resonance region, becaus
did not take into account backgrounds in the multipole a
plitudes in this region and did not include the resonan
from higher resonance regions in our analysis. Let us n
however, that the value of the amplitudeE01 for the reso-
nanceS11(1535) obtained in this analysis agrees well w
the value known from the analysis of theh electroproduction
data.

In the analysis of the TJNAF data, which do not cover t
second resonance region, we used the results for the m
poles from this region obtained in the analysis of the DE
data with theQ2 evolution corresponding to the results
Ref. @39#. Then the small variation of the multipoles wa
allowed.

III. RESULTS

The data used in our analysis are differential cross s
tions of p0 production on protons atQ252.8 and
4 (GeV/c)2 @2# andQ253.2 (GeV/c)2 @3#. A total 751 and
867 points which extend over an invariant mass rangeW
51.11– 1.39 GeV/c were included in the fit atQ252.8 and
4 (GeV/c)2, respectively. AtQ253.2 (GeV/c)2 we have in-
cluded in the fit 598 points which extend fromW51.145 to
1.595 GeV. The reducedx2 obtained in the analyses wer
1.53, 1.18, and 1.35 atQ252.8, 3.2, and 4 (GeV/c)2, re-
spectively. The obtained results for the multipole amplitud
9-4
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M11
3/2 ,E11

3/2 ,S11
3/2 are presented in Fig. 1. In this figure th

resonance and nonresonance contributions to these a
tudes are presented separately. It is seen that the non
nance contributions play a significant role in the descript
of the amplitudes, especially forE11

3/2 andS11
3/2 . In the case of

E11
3/2 the sum of the resonance and nonresonance cont

tions gives the nontrivial energy dependence of the wh
amplitude. At all investigatedQ2, Im E11

3/2 changes sign nea
the resonance. So, the energy behavior of this amplitu
similar to the behavior atQ250, has nonresonance chara
ter.

In the center of theP33(1232) resonance atW5mD the
resonance contributions into the amplitudesM11

3/2 ,E11
3/2 ,S11

3/2

are

Im M11
3/2~res!50.77260.031, 0.52360.021, 0.460.016,

Im E11
3/2~res!50.0360.022, 0.06360.017,

0.01660.012,

Im S11
3/2~res!520.03860.022, 20.05260.022,

20.03460.008 ~3.1!

at Q252.8, 3.2, and 4 (GeV/c)2, respectively.
In Fig. 2 our results for the transverse form factorGT of

theg* N→P33(1232) transition are presented in comparis
with the data obtained from inclusive experiments and pa
from exclusive data. These data are taken from Table 5

FIG. 1. Our results for the imaginary parts of the multipo
amplitudesM11

3/2 ,E11
3/2 ,S11

3/2 . Dashed curves are the resonance pa
of the multipoles corresponding to theP33(1232) resonance contri
bution, dotted curves are the nonresonance background cont
tions, full curves are the sums of these contributions, andEL

5(W22m2)/2m.
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Ref. @40# by a recalculation of our definition ofGT which is
related to the magnetic dipole and electric quadrupole fo
factors of Ref.@41# by

@GT~Q2!#25~ uGM* u213uGE* u2!S mD1m

2m D 2

. ~3.2!

At large Q2 our definition ofGT coincides with the Stoler’s
definition from Ref.@40#:

GT
25GT

2~Stoler!
Q2

~mD2m!21Q2 . ~3.3!

The form factorGT defined by Eq.~3.2! is more suitable for
the description of lowQ2 data. This form factor is related to
the helicity amplitudes of theg* N→P33(1232) transition
and to the total cross section of the reactiong* p→pN in the
following way:

GT
25

1

4pa
~ uA1/2

p u21uA3/2
p u2!

2m~mD
2 2m2!

~mD2m!21Q2 , ~3.4!

s~g* p→pN!54paGT
2 ~mD2m!21Q2

mDG~mD
2 2m2!

. ~3.5!

It can be expressed through the multipolesM115(2A11

23B11)/4 and E115(2A111B11)/4 using Eq.~3.4! and
the relations

A11
3/252A1/2

p S 3km

8GpqmD
D 1/2

, ~3.6!

s

u-

FIG. 2. Experimental data for the transverse form factor of
gN→P33(1232) transition defined by Eq.~3.2!. The data are di-
vided by 3Gdip , whereGdip(Q

2)51/@11Q2/0.71 (GeV/c)2#. Data
denoted by boxes are taken from Table 5 of Ref.@40# by recalcu-
lation for our definition ofGT ; data denoted by asterisks are o
tained in our analysis.
9-5
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B11
3/25A3/2

p S km

2GpqmD
D 1/2

. ~3.7!

Our results forGT in Fig. 2 are lower than other data
This is connected with the fact that they are obtained
taking into account only resonance contributions in the a

FIG. 3. Experimental data for the ratioE11
3/2/M11

3/2 obtained in
our analysis~asterisks! and the data at lowQ2 @47# and at Q2

53.2 (GeV/c)2 from Ref. @48# in comparison with the prediction
of Refs.@46# ~full line!, @49# ~dotted line!, @50# ~dashed line!, @51#
~dash-dotted lines!.

FIG. 4. Experimental data for the ratioS11
3/2/M11

3/2 obtained in
our analysis~asterisks! and the data at lowQ2 @47# and at Q2

53.2 (GeV/c)2 from Ref. @48# in comparison with the prediction
of Refs.@46# ~full line!, @49# ~dotted line!, @50# ~dashed line!.
05400
y
-

plitudeM11
3/2 which gives the main contribution intoGT . Our

results confirm the whole tendency of theGT data to fall
more rapidly with increasingQ2 than 1/Q4. Let us remind
the reader that in the PQCD asymptoticsGT behaves as 1/Q4

@42–46#. So, there is no evidence for the presence of
PQCD contribution inGT at Q2,4 (GeV/c)2.

In Figs. 3,4 our results for the ratiosE11
3/2/M11

3/2 and
S11

3/2/M11
3/2 corresponding to the resonance contributions

M11
3/2 ,E11

3/2 ,S11
3/2 are presented together with the data

FIG. 5. Comparison of our results forf distributions with the
TJNAF data@2# at W51.235 GeV,Q252.8 (GeV/c)2,e50.56.

FIG. 6. Comparison of our results for energy dependence of
cross sections with the TJNAF data@2# at Q252.8 (GeV/c)2,
cosu50.7,e50.56.
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smallerQ2 @47#. We have also presented the data points
Q253.2 (GeV/c)2 obtained from the DESY data in Re
@48#, assuming that the multipolesM11

3/2 ,E11
3/2 ,S11

3/2 are de-
scribed by the sums of the resonance contributions take
the Breit-Wigner form and the smooth nonresonance ba
grounds.

It is known that the information on theQ2 evolution of
the ratioE11

3/2/M11
3/2 may play an important role in the inves

tigation of mechanisms of the transition to the QCD asym

FIG. 7. Comparison of our results for angular distributions w
the DESY data@3# at W51.235 GeV,Q253.2 (GeV/c)2,e50.89.

FIG. 8. Comparison of our results for energy dependence of
cross sections with the DESY data@3# at Q253.2 (GeV/c)2,f
561.5°,e50.89.
05400
t

in
k-

-

totics. The conservation of quark helicities in the asympto
region of QCD leads to the asymptotic relationE11

3/2/M11
3/2

→1,Q2→` @42–46#. In contrast with this, atQ250 quark
model predicts the strong suppression ofE11

3/2/M11
3/2 which is

confirmed by experiment. Thus, the transition from the no
perturbative region of QCD to the PQCD asymptotics sho
be characterized by a striking change of the behavior of
ratio. Summarizing our results one can say that the ra
E11

3/2/M11
3/2 is positive atQ252.8– 4 (GeV/c)2. However, the

e

FIG. 9. Comparison of our results forf distributions with the
TJNAF data@2# at W51.235 GeV,Q254 (GeV/c)2,e50.51.

FIG. 10. Comparison of our results for energy dependence
the cross sections with the TJNAF data@2# at Q254 (GeV/c)2,
cosu50.7,e50.51.
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magnitude is small, and the comparison with the data at
Q2 does not show a visible change in the behavior of t
ratio with increasingQ2. Therefore, there is no evidence fo
the presence of the visible PQCD contribution into the tr
sition g* N→P33(1232) atQ252.8– 4 (GeV/c)2.

In Figs. 3,4 the predictions obtained in the light cone re
tivistic quark model in Refs.@45,46# and in the relativized
versions of the quark model in Refs.@49,50# are presented. I
is seen that the predictions of Refs.@45,46# are not in bad
agreement with the data. We have also presented the pr
tions from Ref.@51#, where an attempt is made to find som
approximate formula for the ratioE11

3/2/M11
3/2 , which con-

nects the quark model prediction atQ250 with the PQCD
asymptotics. One of the curves, which corresponds t
larger asymptotic value ofA1/2, describe the data quite wel

Figures 5–10 are presented to show the typical agreem
of our results with experimental data for the differential cro
sectionsds/dV5ds/dfd cosu at definite values of the po
larization factore of the virtual photon.u andf are the polar
and azimuthal angles of the pion according to the virt
photon in the c.m.s.

IV. DISCUSSION

In this work we have analyzed the TJNAF@2# and DESY
@3# data on the cross sections of the exclusive reac
p(e,e8p)p0 at Q252.8, 3.2, and 4 (GeV/c)2 and found the
P33(1232) resonance contribution into the multipole amp
tudes M11

3/2 ,E11
3/2 ,S11

3/2 . As an input for the resonance an
nonresonance contributions into these amplitudes the s
tions of the integral equations for the multipoles obtained
Ref. @27# were used. These integral equations follow fro
the dispersion relations forM11

3/2 ,E11
3/2 ,S11

3/2 , if we take into
account the unitarity condition for the multipoles. As w
discussed in the Introduction on the example of the sim
fied version of the dispersion relations for the multipo
with the s-channel cut only, the solutions of the integr
equations forM11

3/2 ,E11
3/2 ,S11

3/2 contain two parts which have
an interpretation in terms of the resonance and nonreson
contributions into the multipoles. One part is the particu
solution of the integral equations generated by the B
term. This part is the modification of the Born contributio
produced by thepN rescattering in the final state; we co
sider it as the nonresonance background contribution. It h
definite magnitude fixed by the Born term. The other part
the solution corresponds to the homogeneous parts of
integral equations. We identify it with the resonance con
butions. These solutions have the definite shapes fixed by
dispersion relations and arbitrary weights which determ
the resonance contributions toM11

3/2 ,E11
3/2 ,S11

3/2 . These
weights were fitting parameters in our analyses and w
found from experiment.

The dispersion relations for the multipole amplitud
M11

3/2 ,E11
3/2 ,S11

3/2 , which were investigated in Ref.@27#, in
addition to the integrals over thes-channel cut in Eq.~1.2!
also contain integrals over theu-channel cut. Theu-channel
cut brings the contributions of other multipoles into the d
persion relations, namely, the contributions of nonresona
05400
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multipoles and the couplings of the resonance miltipo
with each other. AtQ250 these contributions were evalu
ated in Ref.@29#, where it was found that the contributions o
nonresonance multipoles are negligibly small and the c
plings of the resonance multipoles with each other are r
sonably small. Using the results for the resonance multipo
obtained in this paper and the values of the nonresona
multipoles E01 ,S01 ,M12 ,S12 , evaluated via the proce
dure described in Sec. II, one can estimate additional con
butions coming from other multipoles in the dispersion re
tions for M11

3/2 ,E11
3/2 ,S11

3/2 at Q253 – 4 (GeV/c)2. Our
estimations show that these additional contributions can
neglected and, therefore, the assumption on the smallne
these contributions made in Ref.@27# is correct. There are
also high-energy contributions into dispersion integrals. T
calculations made in Ref.@27# had shown that atQ250
these contributions can be neglected in comparison with
contributions of the Born terms. The information atQ2Þ0 is
not enough to estimate such contributions; the solutions
integral equations in Ref.@27# were obtained under assump
tion that high-energy contributions into the dispersion re
tions for M11

3/2 ,E11
3/2 ,S11

3/2 can be neglected. In the future
when experimental data in the whole resonance region
be available, this assumption can be checked. If it will
found that the high-energy contributions are important
new analysis in theP33(1232) resonance region, taking int
account these contributions, will be necessary.

Let us draw attention to the following point too. The co
tributions of the diagram, corresponding to the proce
g* N→P33(1232)→pN, into the multipole amplitudes
M11

3/2 ,E11
3/2 ,S11

3/2 we identify with the solutions of the homo
geneous parts of the integral equations which follow fro
the dispersion relations for these amplitudes. The resca
ing effects connected with thepN interaction in the final
state modify thepNP33(1232) vertex in this diagram. A
conclusion on the form of this modification can be ma
using the results of the dynamical model of Ref.@20#, if the
amplitudeh11

3/2 of pN scattering is the pure resonance amp
tude. According to these results in this case the facto
1/(W2mD2 iG/2) for g* N→P33(1232)→pN is equal to
the product of the vertexg* NP33(1232) and the dresse
vertexpNP33(1232). The dressed vertexpNP33(1232) can
be found from experimental data on the width of t
P33(1232)→pN decay. This fact was used in the derivatio
of the relations~3.6!,~3.7!, which connect the helicity ampli-
tudesA1/2

p ,A3/2
p and the resonance parts of the amplitud

A11
3/2 ,B11

3/2 @i.e., of the amplitudesM11
3/2 ,E11

3/2 ~3.1!#. Our re-
sults for the transverse form factorGT of the g* N
→P33(1232) transition presented in Fig. 2 are found fro
Eq. ~3.4! using these relations betweenA1/2

p ,A3/2
p andM11

3/2 ,
E11

3/2 ~3.1!.
The situation is more complicated if the amplitudeh11

3/2

contains a nonresonance background. In this case it is
sonable to assume that the ratios of the resonance parts o
multipole amplitudesM11

3/2 ,E11
3/2 ,S11

3/2 are equal to the ratios
of the verticesg* NP33(1232) for these amplitudes, i.e., th
9-8
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final state interaction modifies theP33(1232) resonance con
tributions into M11

3/2 ,E11
3/2 ,S11

3/2 in the same way. This as
sumption is confirmed by the results obtained in Ref.@22#
within dynamical model. Therefore, our results for the rat
E11

3/2/M11
3/2 andS11

3/2/M11
3/2 , presented in Figs. 3,4 can be re

ably identified with the corresponding ratios for theg* N
→P33(1232) transition. The same statement is right for
ratios of the multipole amplitudes at different values ofQ2,
i.e., for example, for the ratios ofGT at different values of
Q2.
.
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