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Pomeron in diffractive processesg* „Q2
…p˜r0p and g* „Q2

…p˜g* „Q2
…p at large Q2:

The onset ofpQCD

V. V. Anisovich, L. G. Dakhno, D. I. Melikhov, V. A. Nikonov, and M. G. Ryskin
St. Petersburg Nuclear Physics Institute, Gatchina, 188350, Russia
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We study the reactionsg* (Q2)p→r0p and g* (Q2)p→g* (Q2)p at largeQ2 and W2/Q2 and small mo-
mentum transfer,k'

2 , to the nucleon where the Pomeron exchange dominates. At largeQ2 the virtual photon
selects a hardqq̄ pair, thus selecting the hard Pomeron component~the BFKL Pomeron!. The amplitudes for
both transverse and longitudinal polarizations of the initial photon and outgoingr-meson~photon! are calcu-
lated in the framework of the BFKL Pomeron exchange. Our calculations show that one cannot expect the
early onset of the pure perturbative regime in the discussed diffractive processes: the small interquark dis-
tances,rqq̄,0.2 fm, start to dominate not earlier than atQ2.100 GeV2, W2/Q2.107 in g* (Q2)p
→r0p andQ2.50 GeV2, W2/Q2.106 in g* (Q2)p→g* (Q2)p. @S0556-2821~99!02917-3#

PACS number~s!: 12.39.2x, 11.55.Fv, 12.38.Bx, 14.40.Aq
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I. INTRODUCTION

In the present paper we continue a study of the onse
the perturbative QCD regime in the processes initiated b
virtual photong* (Q2) along the lines of@1,2#. One may
address two types of hard processes which allow one
study the transition regime from strong-QCD physics to p
turbative QCD~pQCD! physics of hard processes at acce
sible energies: these are~i! hard hadronic form factors@3,4#,
and ~ii ! Pomeron-dominated reactions@5,6#.

An important problem which arises in the quantitative d
scription of hard processes is a numerical determination
the scale at which the perturbative regime starts to domin
the amplitudes of interest. Much attention to this subject
been paid in connection with the elastic form factors@7,8#. In
particular, the authors of@7# advocated the viewpoint of a
early applicability of pQCD at considerably lowQ2,
whereas in@8# the arguments in favor of the late onset of t
perturbative regime, at very largeQ2.50 GeV2, were
given. A quantitative study of@1# confirmed the argument
of Ref. @8# and showed that even atQ2 as large as 20 GeV2

the form factor is still dominated by the soft nonperturbat

region of theqq̄ kinematical configurations. In@1,2# the elas-
tic pion and transition form factors were studied at 0<Q2

<100 GeV2 within an approach where both the truly no
perturbative and perturbative contributions have been ta
into account. Namely, the form factor has been represe
as a sum of the triangle diagram~direct convolution of soft
wave functions! and diagrams with the one-gluon exchang
~the convolution of a hard one-gluon exchange kernel w
soft wave functions!. The analysis of form factors in th
region of smallQ2;0 –1 GeV2 allowed us to reconstruc
phenomenological soft wave functions of pseudoscalar
sons and a soft photon. It was found that the diagrams w
one-gluon exchange~the terms of the order ofas) started to
dominate the form factor only atQ2.50 GeV2, whereas at
smallerQ2 the contribution of the nonperturbative triang
diagram was substantial.

In this work we address diffractive production by the ha
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photon, namely the reactionsg* (Q2)p→r0p and
g* (Q2)p→g* (Q2)p.

One would have in mind the following physical picture
such processes at asymptotically largeQ2: the virtual photon
producesqq̄ pair at small distances~see Fig. 1!, then the
quarks convert into vector meson~or outgoing photon! with
the t-channel emission of gluons: the gluons at the top of
ladder are at relatively small distances and thus a hard c
ponent of the Pomeron@i.e., the Balitskii-Fadin-Kuraev-
Lipatov ~BFKL! Pomeron@5## is selected. The lower part o
the gluon ladder is attached to the nucleon at small mom
tum transfer, and thus the region of small transverse m
menta is selected at the bottom of the ladder. Hence the m
realistic is the following scenario of the whole reaction: typ
cal virtualities in the gluon ladder change from hard valu
selected by the virtual photon in the hard quark-loop at
top of the ladder to the soft values at the bottom, and thus

FIG. 1. Diagrams for the processesg* (Q2)p→r0p @~a!,~b!# and
g* (Q2)p→g* (Q2)p @~c!,~d!#.
©1999 The American Physical Society11-1
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whole t-channel behavior is determined by the complica
object which is a superposition of the hard and the s
Pomerons. The details of the partition of the wholet-channel
amplitude into the hard and soft components depend on
values ofQ2 and specific details of the selection of the ha
component of the Pomeron by the quark loop. That is wh
detailed consideration of the hard upper quark-antiquark s
process based on realistic wave functions of the initial p
ton and the outgoing vector meson is crucial for the und
standing of the mechanism of the reaction at large but fi
Q2. On the contrary, the details of coupling to the botto
part of gluon ladder, which is related to the BFKL Pomer
attached to the nucleon in the soft regime, weakly influe
the onset of the perturbative QCD in the upper block:
have checked this point investigating different variants
Pomeron-nucleon coupling.

Notice that the interest in better understanding of the
fractive production mechanism is also motivated by the
perimental results. Experimentally a rather strong chang
the W-dependence of the cross section of the reactions i
ated by the photon in different regions of the photon virtu
ity has been observed: Namely, theW dependence of the
cross section of the photoproduction (Q250) in the region
W;102200 GeV2 is rather flat, similar to that in hadroni
processes such aspp→pp. However, the reaction
g* (Q2)p→Vp at Q2;10220 GeV2 demonstrates an in
crease of the cross section withW asW2D whereD'0.3. An
attractive possibility one might think of is to refer th
growth to the change of the Pomeron regime from
strong-QCD one at smallQ2 to the BFKL one at largeQ2.
However, for better understanding of this phenomenon
needs a more detailed quantitative analysis of the diffe
ingredients of a complicated amplitude of the diffractive p
duction.

In this paper we concentrate on the quark block with
coupled photon,g* (Q2), which is responsible for a selectio
of the region of small separations and thus of the h
Pomeron component. The quark block is determined by
convolution of photon wave functions@the reaction
g* (Q2)p→g* (Q2)p# or convolution of the photon and
r-meson wave functions@the reactiong* (Q2)p→r0p#.

The light-cone wave function of photon was found in R
@2# on the basis of experimental data for the transition fo
factor gg* (Q2)→p0 at 0<Q2<25 GeV2 @9#; this wave
function was successfully applied for the description of d
on gg* (Q2)→h andgg* (Q2)→h8 @9,10#. The analysis of
the transition form factors has been performed in terms of
double spectral representation overqq̄ invariant mass
squared,Mqq̄

2
5(m21k'

2 )/@x(12x)# wherek'
2 andx are the

components of the light-cone quark momenta, andm is the
constituent quark mass. The photon wave function is rep
sented as a sum of two components which correspond
direct production of theqq̄ pair with a pointlike vertexg*
→qq̄ at largeMqq̄ , and to the production in the low-Mqq̄
region where the vertex has a nontrivial structure due to
soft qq̄ interaction. The softqq̄ interaction yields an en
hancement of the contribution of low-masses and resp
tively large distances in the quark loop.
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With the light-cone wave function of the photon at ha
we can calculate longitudinal and transverse polarizat
cross sections gL* (Q2)p→gL* (Q2)p and gT* (Q2)p
→gT* (Q2)p.

The onset ofpQCD regime depends on the selection
small interquark separations in a quark loop withQ2. So, it is
important to test which fraction of the cross section as
function of Q2 is actually gained at small transverse sepa
tions. Therefore, in parallel with calculating thegL,T* (Q2)p
→gL,T* (Q2)p cross section which includes contribution
all transverse separations in the quark-loop coupled to
BFKL Pomeron, we also calculate the part of this cross s
tion which is actually gained at smallqq̄ distancesrqq̄
,0.2 fm. Strictly speaking, only this part of the cross se
tion probes the BFKL Pomeron, whereas the cross sec
where the quarks in the loop are at large distances shoul
rather coupled to the soft strong-QCD Pomeron.

The results of our analysis show that in the regionQ2

;5250 GeV2 the g* (Q2)p→g* (Q2)p cross section is
dominated by the domain of large transverse quark sep
tions. The small quark separations in the loop start to do
nate the cross section only atQ2>50 GeV2 and W2/Q2

>106.
This means thatg* (Q2) selects small distances in th

g* g* -Pomeron vertex approximately at the same values
Q2 as it was in the pion elastic and transitiong→p,h,h8
form factors.

The r-meson wave function necessary for the descript
of the reactiong* (Q2)p→r0p is not known promptly, so
we have to use some assumptions concerning the detai
its behavior. The low-Mqq̄ component of ther-meson wave
function is supposed to be approximately the same as f
pion. The latter was found in@1# from fitting the data for
pion form factor at 0<Q2<10 GeV2 @11#. Moreover, the
r-meson low-Mqq̄ wave function should be close to photon
one due to the vector-meson dominance.

The high-mass component of ther-meson wave function
needs a special discussion: for its calculation, we cannot
ply exactly the same procedure as for the pion form factor
the analysis of pion form factor@1#, all the corrections of the
order of as were taken into account. To this end, the wa
function of the pion was splitted into soft and hard comp
nents,CS andCH, in the following way:

CS is dominant at Mqq̄,M0 ,

CH is dominant at Mqq̄.M0 . ~1!

The parameterM0, which separates the soft and hard r
gions, is expected to be of the order of several GeV; in@1#
the value M053 GeV was chosen: this corresponds
ukW0u215(M0

2/42m2)21/2.0.15 fm at m.350 MeV. The
separation of soft and hard wave functions was done i
simplest way using the step function:

Cp5CSu~M02Mqq̄!1CHu~Mqq̄2M0!. ~2!

The hard componentCH is a convolution of the soft wave
function CS and hard gluon exchange kernelVas:
1-2
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POMERON IN DIFFRACTIVE PROCESSESg* (Q2)p→r0p . . . PHYSICAL REVIEW D 60 074011
CH5Vas^ CS. ~3!

The splitting of the wave function into the soft and ha
components yields the following expansion of the form fa
tor overas :

F5FSS12FSH1O~as
2!, ~4!

whereFSS is the soft form factor, andFSH is the soft-hard
contribution of the orderO(as) which is determined by the
diagram with the hard gluon exchange, Eq.~3!. In this way,
including the Sudakov form factor and renormalizing t
quark mass, we have taken into account all the terms of
orderO(as) in Eq. ~4!.

A proper consideration of all theas terms in the reaction
g* (Q2)p→r0p is a much more complicated task since su
terms appear not only as corrections to ther-meson vertex
but also as the next-to-leading order corrections to
BFKL-Pomeron@12# and Pomeron-qq̄ vertex. Such kind of
analysis lies beyond the scope of our present work. At
same time, the calculation of theg* (Q2)p→r0p amplitude
with taking into account only a part of theas corrections is
not consistent.

In this situation, it seems reasonable to consider two
treme cases of the behavior of ther→qq̄ vertex at large
Mqq̄

2 : first, Gr(Mqq̄
2 ).Mqq̄

22 and secondGr(Mqq̄
2 )5const

;O(as). In both considered cases the dominance of the
gion of small interquark separationsrqq̄,0.2 fm was not
observed at least atQ2<50 GeV2 andW2/Q2>106.

The paper is organized as follows.
In Sec. II we discuss the kinematics of the reaction,

Lorentz structure of the amplitudes and some princi
points of the spectral representations. Section III presen
detailed calculation of the amplitudes in the framework
the spectral representations over the invariantqq̄-mass. The
numerical results are discussed in Sec. IV. In the Conclus
we summarize the main results and present our viewpoin
the strong-QCD Pomeron and the electoproduction of ve
mesons atQ2,100 GeV2.

II. KINEMATICS OF THE REACTIONS AND THE
LORENTZ STRUCTURE OF THE AMPLITUDES

In this section we describe the kinematics of the react
and outline the principle points in the dispersive represe
tion of the amplitude. Further technical details and final a
lytical expressions are given in the next section.

We use the following notation for the four-vector of th
particles involved: the initial virtual photon four-momentu
q, the final virtual photon~or vector meson! four-momentum
q8, the target nucleon momentumpN , and the outgoing
nucleon momentumpN8 . The following momentum conser
vations are imposed:

q85q2k, pN8 5pN1k, q1pN5q81pN8 . ~5!
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The reaction is characterized by three independent kinem
cal variablesQ252q2, W5(pNq)/mN , and k2, since pN

2

5pN8
25mN

2 and q825mV
2 for g* (Q2)p→Vp or q8252Q2

for g* (Q2)p→g* (Q2)p .
We are interested in the kinematics when

Q2 is large, W2/Q2@1, and k2→0. ~6!

It is convenient to describe the process in the reference fr
where the target nucleon is at restpN5(mN ,0,0) and photon
fastly moving along the longitudinal axisz. The kinematical
conditions~6! then imply thatqz→` and omitting the 1/qz

2

terms we come to the following expressions for the mom
tum and polarization vectors of the incoming photon:

q5S qz2
Q2

2qz
,0,qzD ,

eL
(g)~Q2!5

1

iQ S qz,0,qz2
Q2

2qz
D ,

eT
(g)~Q2!5~0,eW'

(g),0!. ~7!

For the outgoing vector meson in the reactiong* (Q2)p
→Vp, one has

q85S qz81
m'

2

2qz8
,2kW' ,qz8D ,

eL
(V)~m2!5

1

m'
S qz8,0,qz81

m'
2

2qz8
D , eT

(V)5~0,eW'
(V),0!, ~8!

where m'
2 5m21k'

2 and eW'
(V)kW'50. In the limit k'

2 /mN

→0, the momentaqz8 andk are equal to

qz85qz2
m'

2 1Q2

2qz
, k5q2q85S 0,kW' ,

m'
2 1Q2

2qz
D . ~9!

Similar expressions determine the momentum and polar
tion vectors of the outgoing photon in the reactio
g* (Q2)p→g* (Q2)p: one needs to substitutemV

2→Q2. Be-
cause of that we present below the formulas for the vec
meson production only.

Instead of the nucleon momentumpN , it is convenient to
characterize the reaction under the kinematical conditions~6!
by the vector

n5
1

q01qz
~1,0,21!. ~10!

The vectorsq and n determine the plane for longitudina
polarization, whereas the transverse plane is determined
transverse components of the vectork. Notice thatn250
andqn521.

The amplitude of the reaction can be written in the for

A5em
(g)Amn~q,q8,n!en

(V) , ~11!

where, due to the gauge invariance, the tensorAmn satisfies
the relations qmAmn(q,q8,n)5q8nAmn(q,q8,n)50, thus
having the following Lorentz structure:
1-3
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Amn~q,q8,n!

52S gmn2
nmqn

nq
2

qm8 nn

nq8
1

qq8

~nq!~nq8!
nmnnD

3AT~q2,q82,nq,k2!1~q2nm2nq•qm!~q82nn

2nq8•qn8!AL~q2,q82,nq,k2!1O~km ,kn!, ~12!

and O(km ,kn) stands for other possible tensor structu
transversal with respect toqm andqn8 and proportional tok.
In the limit k→0 they do not contribute to the cross secti
and are omitted.

The cross sections are connected with the introduced
plitudes as follows:

ds„gT* ~Q2!p→VTp…

d~2k2!
5uATu2;

ds„gL* ~Q2!p→VLp…

d~2k2!
5Q2mV

2 uALu2, ~13!

where we have omitted the terms proportional tok2. The
invariant amplitudesAL,T are connected withAmn through
the following relations:

AT52eTm
(g)~Q2!Amn~q,q8,n!eTn

(V)~mV
2 !,

AL5
1

imVQ
eLm

(g)~Q2!Amn~q,q8,n!eLn
(V)~mV

2 !. ~14!

One can write the spectral representations for the inv
ant amplitudesAL,T as follows:

AL,T~q2,q82!5E dMqq̄
2

dMqq̄
82

p2

3

discM
qq̄

2 discM
qq̄
82AL,T~Mqq̄

2 ,Mqq̄
82

!

~Mqq̄
2

2q2!~Mqq̄
82

2q82!
.

~15!

In order to obtain the double spectral densit
discM

qq̄

2 discM
qq̄
82AL,T(Mqq̄

2 ,Mqq̄
82) we must consider the pro

cess with the off-shell incoming and outgoing particle
Namely, we have the following off-shell momenta:

q8→P8, q→P, ~16!

where

P25Mqq̄
2 , P825Mqq̄

82 , ~P82P!25k2, ~17!

but

P2P8Þk, ~18!
07401
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if we take into account the terms of the order of 1/qz and
omit O(1/qz

2) terms. The components of the off-shell incom
ing P and outgoingP8 momenta can be chosen as follows

P5S qz1
Mqq̄

2

2qz
,0,qzD , P85S qz1

Mqq̄
82

1k'
2

2qz
,2kW' ,qzD .

~19!

The off-shell amplitudeAmn(P,P8,n) has a similar de-
composition in terms ofP,P8,n as has the amplitude
Amn(q,q8,n) of Eq. ~12! in terms ofq,q8,n.

Let us introduce the polarization vectors of the off-sh
vector particles. The corresponding longitudinal polarizat
vectors are

eL
(P)~Mqq̄

2
!5

1

AMqq̄
2

S qz,0,qz1
Mqq̄

2

2qz
D ,

eL
(P8)~Mqq̄

82
!5

1

AMqq̄
82

1k'
2
S qz,0,qz1

Mqq̄
82

1k'
2

2qz
D . ~20!

The transverse polarization vectors of the off-shell partic
are equal to the transverse polarization vectors of the inc
ing and outgoing particles.

The amplitudesAL,T are connected withAmn as follows:

AT52eTm
(P)Amn~P,P8,n!eTn

(P8) ,

AL5
1

AMqq̄
2

Mqq̄
82

eLm
(P)Amn~P,P8,n!eLn

(P8) , ~21!

where the factorAMqq̄
2

Mqq̄
82 is just the following expression

eLm
(P)~P2nm2nP•Pm!~P82nn2nP8•Pn8!eLn

(P8)

5
AMqq̄

2
Mqq̄

82

AMqq̄
82

1k'
2

.AMqq̄
2

Mqq̄
82. ~22!

Hence,

discM
qq̄

2 discM
qq̄
82AT5discM

qq̄

2 discM
qq̄
82eTm

(P)Amn~P,P8,n!eTn
(P8) ,

discM
qq̄

2 discM
qq̄
82AL

5discM
qq̄

2 discM
qq̄
82eLm

(P)Amn~P,P8,n!eLn
(P8)

1

AMqq̄
2

Mqq̄
82

.

~23!

Finally, recall that the double spectral density of the amp
tudeAmn(P,P8,n) is calculated by placing all particles in th
intermediate mass-on-shell states.
1-4
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Notice that the amplitudeAT can be directly isolated from
Amn . Namely, settingm,n5a,b51,2 and isolating the term
2gmn→dab , one obtainsAT

Aab~P,P8,n!5dabAT1O~kakb!, ~24!

sincekW is the only vector with the components in the tran
verse plane. In the next section we perform a detailed c
sideration ofAL,T .

FIG. 2. Quark loop for the case of the gluon interaction with
quark ~a! and with quark and antiquark~b!. Dashed line indicates
the cut of a loop related to the spectral integrals.
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-
n-

III. SPECTRAL REPRESENTATION
OF THE AMPLITUDES

The amplitudes of the reactions are given by the diagra
of Fig. 1. First, we shall consider separately the upper qua
loop block and then take into account its interaction with
nucleon through the Pomeron exchange. We shall discus
parallel the cases of the transverse and longitudinal polar
tions of the initial photon and outgoing vector meson~pho-
ton!. As before, we concentrate ourselves on the reac
g* (Q2)p→Vp keeping in mind that for g* (Q2)p
→g* (Q2)p the formulas are written analogously.

A. The block of the photon and vector meson interaction
with the BFKL Pomeron

The Pomeron is attached to the photon and the ve
meson through the quark loop diagrams of Fig. 1. We c
sider separately the cases when both Reggeized gluon
attached to the same and to different quarks in the loop.

1. The gluon ladder attached to a single constituent

The diagram for this subprocess is shown in Fig. 2~a!. The
analytical spectral representation for this quark-loop diagr
has the following structure:
he

er
AL,T
I 5E dMqq̄

2

p
Gg~Mqq̄

2
!
dF2~P;k1 ,k2!

Mqq̄
2

2q22 i0

dMqq̄
92

p

dF1~P9;k19 ,k2!

Mqq̄
92

2~q2k!22 i0

dMqq̄
82

p

dF1~P8;k18 ,k2!

Mqq̄
82

2~q2k!22 i0
GV~Mqq̄

82
!g2~21!SL,T

I ,

~25!

where P25Mqq̄
2 ,P825Mqq̄

82 ,P925Mqq̄
92 are the invariant masses squared of theqq̄ pairs in the intermediate states and t

corresponding phase space factors read

dF2~P;k1 ,k2!5
1

2

d3k1

~2p!32k10

d3k2

~2p!32k20

~2p!4d4~P2k12k2!

5
1

~4p!2

dx1dx2

x1x2
d~12x12x2!d2k1'd2k2'd~kW1'1kW2'!dS Mqq̄

2
2

m1'
2

x1
2

m2'
2

x2
D ,

dF1~P9;k19 ,k2!5
1

2

d3k19

~2p!32k109
~2p!4d4~P92k192k2!5p

dx19

x19
d~12x192x2!d2k1'9 d~kW1'9 1kW'1kW2'!

3dS Mqq̄
92

1k'
2 2

m1'9
2

x19
2

m2'
2

x2
D ,

dF1~P8;k18 ,k2!5
1

2

d3k18

~2p!32k108
~2p!4d4~P82k182k2!5p

dx18

x18
d~12x182x2!d2k1'8 d~kW1'8 1kW'1kW2'!

3dS Mqq̄
82

1k'
2 2

m1'8
2

x18
2

m2'
2

x2
D . ~26!

Here we have taken into account thatkz is small: the integration overkz is performed enclosing the integration contour ov
the pole (Mqq̄

92
1Q222qzkz2 i0)21, that is equivalent to (Mqq̄

92
1Q222qzkz2 i0)21→2 ipd(Mqq̄

92
1Q222qzkz). As a result,

we find
1-5
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AL,T
I 5

1

4pE0

1 dx

x~12x!3E d2k2'

~2p!2
dkz

Gg~Mqq̄
2

!

Mqq̄
2

1Q2

1

Mqq̄
92

1Q222qzkz2 i0

GV~Mqq̄
82

!

Mqq̄
82

2mV
2

g2~21!SL,T
I

5E
0

1 dx

x~12x!3E d2k2'

~4p!2

Gg~Mqq̄
2

!

Mqq̄
2

1Q2

GV~Mqq̄
82

!

Mqq̄
82

2mV
2

2 ig2

2qz
SL,T

I , ~27!

where

Mqq̄
2

5
m21k2'

2

x~12x!
, Mqq̄

92
5

m21~kW2'1xkW'!2

x~12x!
, Mqq̄

82
5

m21~kW2'1xkW'!2

x~12x!
, x[x2 . ~28!

The spin factorSL,T
I appears due to a decomposition of the traceSmn

I corresponding to the quark loop of Fig. 2~a!

Smn
I 5Tr~gn~ k̂181m!n̂~ k̂191m!n̂~ k̂11m!gm~2 k̂21m!!, ~29!

wheren̂, being determined by Eq.~10!, stands for the vertex of the reggeized gluon-quark coupling@13#. Let us stress once
more that all quarks in this expression are mass-on-shell, whereas the photon and the vector meson momenta are
shell, such thatP25Mqq̄

2 andP825Mqq̄
82 . As we have discussed in the previous section, to obtain the transverse amplitud

ST
I , we must setm,n5a,b51,2 and isolate the structure proportional todab . This procedure yieldsST

I in the form

ST
I 528

~12x!

x
@m21„122x~12x!…kW2'kW2'8 #, ~30!

wherekW2'8 5kW2'1xkW' . Note that the last term in the square brackets is not small, playing significant role in the determ
of AT .

The spin-factor for longitudinal polarization can be calculated performing the convolution with longitudinal polariz
vectors of the off-shell photon and vector meson as follows:

SL
I 5

eL b
(V) ~P82!Tr„gb~ k̂181m!n̂~ k̂191m!n̂~ k̂11m!ga~2 k̂21m!…eLa

(g)~P2!

P2P82
„eL

(V)~P82!n…„eL
(g)~P2!n…

. ~31!

The calculation of this trace yields the following result:

SL
I 5232

~12x!

x

x2~12x!2

m21k2'8
2 1x~12x!k'

2 @m21k2'8
2 2~x21/2!kW2'8 kW'#→232x~12x!3. ~32!

Here we take into account that the last term in the square brackets gives a negligible contribution into the BFKL am

2. The gluon ladder attached to both constituents

This subprocess is displayed in Fig. 2~b!. Likewise, the triple spectral representation for the corresponding amplitude
the form

AL,T
II 5E dMqq̄

2

p
Gg~Mqq̄

2
!
dF2~P;k1 ,k2!

Mqq̄
2

2q22 i0

dMqq̄
92

p

dF1~P9;k18 ,k2!

Mqq̄
92

2~q2k!22 i0

dMqq̄
82

p

dF1~P8;k18 ,k28!

Mqq̄
82

2~q2k!22 i0
GV~Mqq̄

82
!g2~21!SL,T

II .

~33!

Now the phase space factors read

dF2~P;k1 ,k2!5
1

~4p!2

dx1dx2

x1x2
d~12x12x2!d2k1'd2k2'd~kW1'1kW2'!dS Mqq̄

2
2

m1'
2

x1
2

m2'
2

x2
D ,

dF1~P9;k18 ,k2!5p
dx18

x18
d~12x182x2!d2k1'8 d~kW1'8 1kW'1kW2'!dS Mqq̄

92
1k'

2 2
m1'8

2

x18
2

m2'
2

x2
D ,
074011-6
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dF1~P8;k18 ,k28!5p
dx28

x28
d~12x182x28!d2k2'8 d~kW1'8 1kW'1kW2'8 !dS Mqq̄

82
1k'

2 2
m1'8

2

x18
2

m2'8
2

x28
D . ~34!

This time the expressions for the invariantsMqq̄
2 ,Mqq̄

92 ,Mqq̄
82 take the form

Mqq̄
2

5
m21k2'

2

x~12x!
, Mqq̄

92
5

m21„kW2'1~12x!kW'…
2

x~12x!
, Mqq̄

82
5

m21~kW2'1kW'2xkW'!2

x~12x!
, x[x1 . ~35!

Performing the integration overkz we come to the expression

Aqq̄
II

5E
0

1 dx

x2~12x!2E d2k2'

~4p!2

Gg~Mqq̄
2

!

Mqq̄
2

1Q2

GV~Mqq̄
82

!

Mqq̄
82

2mV
2

2 ig2

2qz
SL,T

II . ~36!

The quark loop trace for the diagram of Fig. 2~b! reads

Smn
II 5Sp„gn~ k̂181m!n̂~ k̂11m!gm~2 k̂21m!n̂~2 k̂281m!…. ~37!

Again, settingm,n5a,b51,2 and isolating the factor proportional to thedab yield a simple expression:

ST
II 58@m21„122x~12x!…kW2'kW2'9 #, ~38!

where we have introduced the vector

kW'9 5kW2'1kW'2xkW' . ~39!

For longitudinal polarization the spin factor reads

SL
II 5

eL b
(V) ~P82!Sp„gb~ k̂181m!n̂~ k̂11m!ga~2 k̂21m!n̂~2 k̂281m!…eLa

(g)~P2!

P2P82
„eL

(V)~P82!n…„eL
(g)~P2!n…

, ~40!

FIG. 3. ~a! The vertexGg(Mqq̄
2 ) found in the

analysis of transition form factorsg→p0,h,h8
in @2#. ~b! The r-meson vertex function used in
the calculation. AtMqq̄.3 GeV two variants are
shown: ~I! the decrease Gg(Mqq̄

2 );1/Mqq̄
2

~dashed curve!; ~II ! Gg(Mqq̄
2 );const ~solid

curve!.
:

in
K

to
ce-
in
n:

he
which, after calculating the trace, takes the following form

SL
II 532

x2~12x!2

m21k29
2

@m21k2'9
2 1~x21/2!kW'kW2'9 #

→32x2~12x!2. ~41!

Here, as in Eq.~32!, we take into account that the last term
the square brackets gives a small contribution into the BF
amplitude.
07401
L

The verticesGg(Mqq̄
2 ) andGV(Mqq̄

82) which are used for
the calculation are shown in Fig. 3.

B. BFKL-Pomeron couplings to the quark loop and nucleon

Now we must attach the quark loop and target nucleon
the BFKL-Pomeron amplitude. We face several possible s
narios for this attaching which are due to the ambiguities
the description of the BFKL-Pomeron coupling to nucleo
in the region of smallk, the coupling is determined by
strong-QCD, thus not obeying the rigid prescriptions of t
1-7
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BFKL machinery. Another ambiguity is related to differe
possibilities for choosing a scale factor for theW2 depen-
dence@5,12#.

The Green function equation for the BFKL Pomeron c
be solved by finding a complete set of eigenfunctions for
BFKL equation kernel,En,n(r1 ,r2), which are determined
in the impact parameter space of gluons (rW 1 ,rW 2). The eigen-
functions were found by exploiting the two-dimensional co
formal invariance of the BFKL kernel: the eigenfunctio
En,n(r1 ,r2) give a representation of the two-dimension
conformal group. Then, the BFKL amplitude is presented
a convolution of eigenfunctions En,n(r1 ,r2) and
En,n(r18 ,r28) where the coordinatesra andrb8 refer to gluons
of the upper and lower blocks; in the convolution, the ind
n runs overn50,61,62, . . . , and theindex-n integration is
performed over the interval2`,n,`. At large W2, the
leading contribution give the eigenfunctions withn
50, E0,n(r1 ,r2)5@(rW 12rW 2)2r1

22r2
22#1/21 in ~see Ref.@6#

for details!. Therefore, the BFKL amplitude is presented
an integral overE0,n(r1 ,r2)E0,n(r18 ,r28) with respect the in-
dex n.

1. Pomeron-nucleon coupling

We consider two possible scenarios for the Pomeron
taching to the nucleon target:~i! the BFKL Pomeron is trans
07401
e

-

l
s

x

t-

formed first to the soft Pomeron and then this soft Pome
is attached to the nucleon;~ii ! the BFKL Pomeron is directly
attached to the nucleon.

The momentum transfer to the Pomeronk is not large and
there is no selection of the small separations along the gl
ladder: while moving from the quark block to the nucleo
the distances between thet channel gluons in the impac
parameter space are increasing.

~i! Soft-Pomeron–nucleon coupling. If the ladder is rather
long ~i.e., at largeW), the distances between the gluons b
come normal hadronic distances, and in this case
Pomeron is no longer the perturbative BFKL but is rather
a soft regime. This soft Pomeron is then attached to
nucleon, and we use the standard soft-Pomeron–nuc

coupling which we denote asg̃FPNN(k'
2 ). Actually this

means that then-factorization occurs in the soft part of th
gluon ladder and it turns into the standard factorization of
Pomeron couplings. Below, considering the direct attach
of the BFKL amplitude to the nucleon, we discuss t
n-factorization in a more detail.

Within this scenario and following the prescription o
Refs.@5,6,14,15#, we write the amplitude of Fig. 1~a! for the
case, when both Reggeized gluons are attached to the s
quark ~or antiquark!:
mplitude

,
discus-

d.
AL,T
BFKL2q~g* p→Vp!52

i

2E0

1 dx

x2~12x!2E d2k2'

~2p!2

d2k'

~2p!2
Cg~x,k2'

2 !CV„x,~kW2'1xkW'!2
…

3
x

12x
SL,T

I g2E
2`

` dnn2

S n21
1

4D 2 S W2

Q21mV
2 D v(n)E d2r1d2r2eikW'(rW 12rW 2)eikW'rW 2

3S F ~rW 12rW 2!2

r1
2r2

2 G 1/21 in

2F 1

r1
2G 1/21 in

2F 1

r2
2G 1/21 inD g̃FPNN~k'

2 !, ~42!

where

Cg~x,k2'
2 !5

Gg~Mqq̄
2

!

Mqq̄
2

1Q2
, CV„x,~kW2'1xkW'!2

…5
GV~Mqq̄

82
!

Mqq̄
82

2mV
2

, ~43!

and the invariant massesMqq̄
2 ,Mqq̄

82 are given by Eq.~28!.

The variablesrW 1 andrW 2 are the gluon coordinates in the impact parameter space. The energy dependence of the a
is given by the functionv(n):

v~n!5
2asCA

p
ReS G8~1!

G~1!
2

G8~ 1
2 1 in!

G~ 1
2 1 in! D , ~44!

with CA5Nc53 andG(z) the EulerG-function. The eigenfunctionE0,n(r1 ,r2) in Eq. ~42! is written with subtraction terms
(r1

22)1/21 in and (r2
22)1/21 in, which are necessary for subprocesses with different attachments of gluons to quarks, see

sion in Refs.@14,15# and in references therein. In the total amplitude given by Eq.~49!, the subtraction terms are cancelle
Likewise, the amplitude of Fig. 1~b!, when the gluons are attached to quark and antiquark, takes the form
1-8
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AL,T
BFKL2qq̄~g* p→Vp!52

i

2E0

1 dx

x2~12x!2E d2k2'

~2p!2

d2k'

~2p!2
Cg~x,k2'

2 !CV„x,~kW2'1kW'2xkW'!2
…g2SL,T

II

3E
2`

` dnn2

~ n21 1
4 !2 S W2

Q21mV
2 D v(n)E d2r1d2r2eikW (rW 12rW 2)eikW'rW 2S F ~rW 12rW 2!2

r1
2r2

2 G 1/21 in

2F 1

r1
2G 1/21 in

2F 1

r2
2G 1/21 inD g̃FPNN~k'

2 !, ~45!

where

Cg~x,k2'
2 !5

Gg~Mqq̄
2

!

Mqq̄
2

1Q2
, CV„x,~kW2'1kW'2xkW'!2

…5
GV~Mqq̄

82
!

Mqq̄
82

2mV
2

, ~46!

and the invariant massesMqq̄
2 andMqq̄

82 are given by Eq.~35!.

The nucleon-Pomeron couplingg̃FPNN(kW'
2 ) can be well approximated assumingFPNN(k'

2 )5e2Bk'
2

with B
.2.5 GeV22.

The total amplitude is obtained summing the amplitudes of all subprocesses; it takes the form

ABFKL~g* p→Vp!5AL,T
BFKL2q~g* p→Vp!1AL,T

BFKL2q̄~g* p→Vp!12AL,T
BFKL2qq̄~g* p→Vp!. ~47!

Some important cancellations occur in the total amplitude: namely, the terms in the BFKL amplitude proportional tr1 or
r2 separately cancel each other. In addition, the term proportional to (r12r2)2 in AL,T

BFKL2q vanishes, since thek' integration
yields d(r12r2).

Finally, we come to the following representation of the total amplitude of the diffractive vector meson production:

AL,T
BFKL~g* p→Vp!52 i E

0

1

dxE
0

` dnn2

~n21 1
4 !2 S W2

Q21mV
2 D v(n)E d2r1d2r2 exp@ ikW'„rW 1x1rW 2~12x!…#

3F ~rW 12rW 2!2

r1
2r2

2 G 1/21 inE d2k2'9

~2p!2

d2k2'

~2p!2
Cg~x,k2'

2 !CV~x,k2'9
2 !

3exp@ i ~kW2'9 2kW2'!~rW 12rW 2!#SL,T
II Ce2Bk'

2
, ~48!

wherek2'9 is given by Eq.~39!, andC5g2g̃ plays a role of the normalization constant.
It is convenient to transform the final expression for the photon and vector meson wave functions to the coo

representation as follows:

AL,T
BFKL~g* p→Vp!52

i

~2p!2
Ce2Bk'

2 E
0

1 dx

x2~12x!2E0

` dnn2

~ n21 1
4 !2 S W2

Q21mV
2 D v(n)

3E d2rd2ReikW'„RW 2(1/22x)rW …F r2

S RW 1
rW

2
D 2S RW 2

rW

2
D 2G 1/21 in

FL,T~x,r2!, ~49!

whereRW 5(rW 11rW 2)/2 andrW 5rW 12rW 2. The functionsFL,T(x,r2) are defined as follows:

FL~x,r2!532x2~12x!2FV
(0)~x,r2!Fg

(0)~x,r2!, ~50!

FT~x,r2!58„m2FV
(0)~x,r2!Fg

(0)~x,r2!12@122x~12x!#FV
(1)~x,r2!Fg

(1)~x,r2!…, ~51!

where

F (n)~r2!5E
0

`

dkkn11C~k2!Jn~kr!. ~52!
074011-9
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The functionsFT,L(x,r2) are the impact factors for the quark-antiquark loop on the top of the gluon ladder, the impact
for bottom quarks is hidden in the normalization constantC.

~ii ! BFKL Pomeron–nucleon coupling. One could also imply another scenario for the Pomeron coupling to nucleon ta
Indeed, if the gluon ladder is rather short and BFKL Pomeron is not transformed into a soft one, the amplitude of the
meson production takes the following form:

AL,T
BFKL~g* p→Vp!52 i E

0

1 dx

x2~12x!2E0

` dnn2

S n21
1

4D 2 S W2

Q21mV
2 D v(n)E d2rd2 ReikW'„RW 2(1/22x)rW …

3F r2

S RW 1
rW

2
D 2S RW 2

rW

2
D 2G 1/21 in

FT,L~x,r2!
1

~2p!2
AN~n,kW'!, ~53!

where the quantityAN(n,kW') is the integral over gluon coordinates which describes a prompt attaching of the BFKL Pom
to nucleon quarks:

AN~n,kW'!5C̃E d2r18d
2r28S ~rW 182rW 28!2

r18
2r28

2 D 1/21 in

expS ikW'

rW 181rW 28

2
D expS 2

2~r18
21r28

2!

3^r 2&
D . ~54!
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The first term in the right-hand side of Eq.~54! is the eigen-
functionE0,n(r18 ,r28) for the bottom part of the BFKL ladder
The amplitudeAN(n,kW') corresponds to the interaction o
two different quarks of the nucleon with the gluons of t
ladder. The terms with interaction of the gluons with t
same quark and the subtraction terms in the eigenfunc
are cancelled in the total amplitude just as it happens in
~49!. The quark wave function of the nucleon is written in
simple exponential representation. The only wave funct
parameter, mean radius squared, is chosen to be equ
^r 2&50.8 fm2. This form of the nucleon wave function co
responds to the exponential dependence of the nucl
Pomeron vertex exp(2Bk'

2) with B.2 GeV22.
We should stress here that numerically the amplitu

turns out to be poorly sensitive to the details of the mec
nism of the Pomeron attachment to the nucleon tar
namely, all the results obtained within the assumption o
prompt attachment of the BFKL Pomeron to the nucle
coincide, within a few percent accuracy, with the results
tained under the assumption that the transition from
BFKL regime to the soft one occurs before attaching to
nucleon, Eq.~49!. We see two causes for the close coin
dence of the results obtained for two variants of the BF
Pomeron coupling to the nucleon. First, it is possible, us
the pQCD t-channel gluons, to reach rather successful
merical description of soft diffractive processes@17#!. Sec-
ond, the amplitude given by Eqs.~53! and~54! has a saddle
point at n50 which gives a dominant contribution at larg
W, thus providing then-factorization of the amplitude@6,18#.
Therefore, atW large enough Eqs.~53! and~54! transfer into
Eq. ~41! because Eq.~54! at n50 yields the soft Pomeron
nucleon form factorC exp(2Bk2).

2. Pomeron coupling to the quark loop

Before, following Refs.@5,6,14,15#, we have determined
theW-dependence using the factor@W2/(Q21mV

2)#v(n): here
07401
n
q.

n
to

n-

e
-
t:
a
n
-
e
e
-

g
-

the variablesQ2 and mV
2 are external with respect to th

quark loop. In writing spectral representation for the qua
loop, the more self-consistent procedure is to use the inte
variables,Mqq̄

2 and Mqq̄
82 , instead of external ones. For th

scheme, we should replace in the above formulas

S W2

Q21mV
2 D v(n)

→S W2

Mqq̄
2

1Mqq̄
82D v(n)

. ~55!

The BFKL equation with internal variables for the dime
sionlessW-dependent factor was considered in@12#. We per-
form calculations for both variants, using both external a
internal variables.

3. Numerical calculations

Numerical calculations have been performed using
Monte Carlo simulation programVEGAS @16#. Integration
limits related toMqq̄

2 and Mqq̄
82 depend onQ2, namely,Mqq̄

2

<100Q2 ~the increase of the upper limit does not change
result!. The integration overr is performed up tor<5 fm.

IV. RESULTS

To study the onset of the hard region dominance in d
fractive processes initiated by the photon with the increas
Q2, we consider in parallel the following reactions:

gL* ~Q2!p→gL* ~Q2!p, ~56!

gT* ~Q2!p→gT* ~Q2!p ~57!

and

gL* ~Q2!p→rL
0p, ~58!
1-10



n

POMERON IN DIFFRACTIVE PROCESSESg* (Q2)p→r0p . . . PHYSICAL REVIEW D 60 074011
FIG. 4. Cross sections in reactiongL* (Q2)p→gL* (Q2)p with the W-scale factorW2/(Q21mV
2); normalization is fixed by cross sectio

of reactiongL* (Q2510 GeV2)p→rL
0p. Solid curves correspond tos(W,Q2) ~a! andds/dk'

2 (W,Q2) @~b!,~c!,~d!# calculated without a cut
in the quark loop; dashed lines stand fors(W,Q2)r,0.2 fm ~a! andds/dk'

2 (W,Q2)r,0.2 fm @~b!,~c!,~d!#.
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gT* ~Q2!p→rT
0p. ~59!

The main ingredients of the calculation of the amplitudes
these reactions are the consideration of the hard quark b
and the Pomeron amplitude and its attachment to the nuc
target.

The processes~56!, ~57! can be reliably described at larg
Q2, because the photon wave function is known due to
analysis of Ref.@2#. The corresponding vertexGg(Mqq̄

2 ) is
shown in Fig. 3~a!. Notice that a reliability of calculating the
quark loop diagramg* (Q2)→qq̄→g* (Q2) is the main mo-
tivation for the study of the processes~56!, ~57!. The calcu-
lated cross section of the reaction~56! within the amplitude
determined by Eq.~49! is shown in Fig. 4 by solid lines. The
amplitude AL determines ds/dk'

2
„gL* (Q2)p→gL* (Q2)p…

@Figs. 4~b!,~c!,~d!#: the integratedk'
2 distribution over the
07401
f
ck
on

e

region k'min
2 <k'

2 <1 GeV2 yields s„gL* (Q2)p
→gL* (Q2)p… ~the cutting parameterk'min

2 50.05 GeV2 is
introduced to avoid the divergence of the BFKL-amplitude
k'

2 50).
For illustration of the role of low-Mqq̄ region in the real-

istic photon vertex,Gg(Mqq̄
2 ), we also perform calculations

of the cross sectiongL* (Q2)p→gL* (Q2)p with Gg(Mqq̄
2 )

51, Fig. 5.
Results for the reaction~56! are shown in Fig. 6.
An essential ingredient of the amplitude of the reaction

the description of the Pomeron-exchange block. A realis
picture of the Pomeron block is the following: small avera
transverse separations in the gluon ladder selected by
quark loop increase as a result of thet-channel evolution, and
the hard Pomeron transforms into a soft one along the gl
ladder. This feature is taken into account by using
1-11
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FIG. 5. The same as in Fig. 4, but withGg(Mqq̄
2 )5Gg(Mqq̄

82)51.
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Pomeron-proton coupling as given in Eq.~49!. The corre-
sponding results are shown in Figs. 4–8.

Nevertheless, for the sake of illustration we also p
formed calculations for another variant, with a prompt
tachment of the BFKL-Pomeron directly to the targ
nucleon, see Eq.~54!. The results for theW dependence
after renormalizing the coupling constantC5g2g̃, are prac-
tically the same for both variants so we do not present se
rately the results obtained by using Eq.~54!.

We also study different possibilities of choosing the sc
of the W2 dependence of the BFKL amplitude and consid
the two possibilities:~1! W2/(Q21mV

2) and ~2! W2/(Mqq̄
2

1Mqq̄
82); see Eq.~55!. Calcuations with the variant~2! are

shown in Fig. 7. One observes a sizeable sensitivity of
calculated cross sections to the choice of theW2 scale.

The reactions of ther0-meson diffractive production ar
extensively studied both experimentally and theoretica
~see, e.g.,@15,19,20# and references therein!. However, the
07401
-
-
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calculation of the quark-loop diagramg* (Q2)→qq̄→r0

turns out to be rather ambiguous due to the uncertainty in
large-Mqq̄ behavior of ther-meson vertexGr(Mqq̄

2 ). Be-
cause of that, we analyze several possibilities of the lar
Mqq̄ behavior of the vertexGr(Mqq̄

2 ). The results for the two

variants, namely~1! Gr(Mqq̄
2 );Mqq̄

22 and ~2! Gr(Mqq̄
2 )

;const@see Fig. 3~b!#, are represented by solid lines in Fi
8.

In order to check the consistency of our initial assumpt
that at the consideredQ2 andW the ampitude is dominated
by the small separations of the gluons in the ladder, and t
the BFKL form of the kernel should be used we have a
performed calculations introducing explicitly au-function
cut into the BFKL-amplitude integrand of Eq.~49!: this
u-function measures an actual contribution of the hard reg
of separations smaller than 0.2 fm:

d2r→d2ru~0.2 fm2r!. ~60!
1-12
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FIG. 6. The same as in Fig. 4 for reactiongT* (Q2)p→gT* (Q2)p.
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The cross sections constrained by Eq.~60! are shown in Figs.
4, 5, 6, 7 and 8 by dashed lines: one can see that for
reactions the selection of small distances, if any, occurs v
slowly with the increase ofQ2. Only atQ2.100 GeV2, the
80% of the cross sections are actually gained in the h
region. Thus we conclude that the dominance of the h
region cannot be expected earlier than atQ2.50
2100 GeV2.

Let us notice that the situation with the diffractive produ
tion by the hard photon in the region ofQ2<100 GeV2

turns out to be quite similar to the situation with the elas
meson form factor atQ2<10–20 GeV2: in the latter case
one can expect the dominance of the hard-scattering me
nism ~which is proved to be the dominant mechanism
asymptotically largeQ2) also atQ2 of several GeV2. As-
suming such dominance at severalQ2 one determines the
soft wave function of the pion at low normalization point b
descrining the data on the form factor and finds for this wa
function a double-humped form@7#. However, analyzing the
07401
ll
ry

rd
rd

a-
t

e

content of the calculated form factor, one finds that the b
of the contribution actually comes from the end-point regi
where the hard-scattering mechanism is not applicable
rather the Feynman mechanism works@8#. This analysis
shows that the perturbative treatment of the form factor
several GeV2 is not consistent~or at least the perturbative
mechanism cannot give a bulk of the form factor! and that
the soft physics actually dominates in the kinematical reg
Q2<20 GeV2.

Likewise, we have found that the assumption of t
BFKL form of the Pomeron kernel actually yields in th
region ofQ2<100 GeV2 the cross section which is at 80%
level gained in the region oflarge transverse separations i
the quark loop. The latter are equal to gluon separation
the top of the gluon ladder which thus turns out to be in
soft regime just from the top. Therefore, similar to the elas
form factor case, we have to conclude that the perturba
treatment in this range ofQ2 is not consistent and that rathe
the soft Pomeron should be used.
1-13
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FIG. 7. Cross sectionsgL,T* (Q2)p→gL,T* (Q2)p with scale factorW2/(Mqq̄
2

1Mqq̄8
82 ).
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Considering the region ofQ2>100 GeV2, we have ob-
served that the dominance of the region of small separat
in the quark loop depends on the subtle details of the ca
lation procedure: namely, some of the variants of the ca
lation discussed here yield the cross sectionss(W,Q2) and
@s(W,Q2)#r,0.2 fm which differ even at very largeQ2: this
means that the regionr.0.2 fm still gives a non-vanishing
contribution even at asymptotically largeQ2.

More detailed and technical explanation is as follows.
It might happen that the spectral representation of

quark loop was superconvergent, i.e., the factorMqq̄
2 in the

denominator was not essential for the convergence of
integral. Then the denominator (Mqq̄

2
1Q2)21 could be

safely expanded in powers of 1/Q2, namely, (Mqq̄
2

1Q2)21

→1/Q2. Then one would not observe any selection of t
hard region even at asymptotically largeQ2: the Q2 depen-
dence would just factorize and the integrals would be s
dominated by typical hadronic scales.

In the reactions ~56! and ~57!, choosing the scale
W2/(Q21mV

2) for the W2 dependence, one observes t
cross sectionss(W,Q2) and „s(W,Q2)…r,0.2 fm to be very
close to each other atQ2>100 GeV2 ~see Figs. 4 and 6!.
This means that the spectral representations are not su
convergent and thus the hard photon actually selects s
distances in the quark loop and, as a result, the top of
Pomeron ladder is in the perturbative regime.

The introduction of the scale-factorW2/(Mqq̄
2

1Mqq82) pro-
vides a superconvergence of the spectral integrals, thus m
ing the cross sectionss(W,Q2) and„s(W,Q2)…r,0.2 fm dif-
ferent even atQ2→`. In other words, small separations a
not selected in this variant of calculation even at asympt
cally largeQ2.

The similar situation is observed in the diffractive vect
meson production reactions~58! and ~59!.

Namely, for the variantGr(Mqq
2 );const atMqq

2 →` ~see
Fig. 8! the integrals are not superconvergent and thus sm
separations dominate the amplitude at largeQ2. The only
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quantitative difference with the photon production case
that the proximity of cross sectionss(W,Q2) and
„s(W,Q2)…r,0.2 fm, with the scaleW2/(Q21mV

2), comes
later with the increase ofQ2.

For the variantGr(Mqq̄
2 );1/Mqq̄

2 the spectral representa
tions are superconvergent and there is no dominance of
small separations in the quark loop even at asymptotic
large Q2; correspondingly, the contribution of distancesr
.0.2 fm is always important in this variant.

Low-Mqq̄ structure ofGr(Mqq̄
2 ) andGg(Mqq̄

2 ) is very im-
portant in realistic treatment of reactionsg* (Q2)p→Vp and
g* (Q2)p→g* (Q2)p: it is seen in comparing Figs. 4 and 5
Low-Mqq̄ structure is essential for different behavior
ds/dk'

2 (W,Q2,k'
2 ) and„ds/dk'

2 (W,Q2,k'
2 )…r,0.2 fm in the

region of smallk'
2 at Q2;20–50 GeV2.

Let us discuss now in a more detail the role of large a
small Mqq̄

2 in the formation of cross sections initiated b

gL* (Q2) andgT* (Q2). The distinction of corresponding cros
sections is due to a different structure of the spin-depend
factors,ST

II and SL
II , related to the loop diagrams@see Eqs.

~38! and ~41!#: for the case of longitudinal polarization th
spin dependent factor isSL

II ;x2(12x2), whereasST
II Þ0 at

x→0 or (12x)→0. Therefore, sinceMqq̄
2

5m'
2 /x/(12x),

the large masses, i.e., the regionsx;0 and (12x);0, be-
come dominant for the reactionsgT* (Q2)→gp* (Q2) and
gT* (Q2)→rT

0 , but there is no such dominance for the rea
tions with gL* (Q2). This means that in the transition
gL* (Q2)→gp* (Q2)gL* (Q2)→rL

0 small Mqq̄
2 or large inter-

quark separations contribute considerably. The realistic p
ton wave function also enhances the role of the large in
quark distances, thus resulting in a different behavior of
cross sections ds/dk'

2
„gL* (Q2)p→gL* (Q2)p… and

ds/dk'
2
„gL* (Q2)p→gL* (Q2)p…r,0.2 fm at k'

2 0.1 GeV2 in
the regionQ2;20–50 GeV2 @compare Fig. 4~c! and Fig.
5~d!#.
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FIG. 8. Cross sections in reactionsgL,T* (Q2)p→rL,T
0 p with scale factorW2/(Q21mV

2). @~a!,~b!# VariantGr(Mqq̄
82); const at largeMqq̄

82 ;
@~c!,~d!# Gr(Mqq̄

82);1/Mqq̄
82 at largeMqq̄

82 . Experimental data shown in~a! are taken from@18#; they are used for fixing the constantC in Eq.
~49!.
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V. CONCLUSION

The performed calculations demonstrate that a selec
of small distances by the virtual photong* (Q2) with the
increase ofQ2 have the following features: First, it strongl
depends on the choice of theW2 scale. Second, it proceed
very slowly: in the quark loops for the transitionsg* (Q2)
→g* (Q2) andg* (Q2)→r0 the soft interquark distancesr
.0.2 fm clearly dominate the amplitude atQ2

,100 GeV2.
The situation here is quite similar to that of meson elas

form factors, where thepQCD regime starts to dominate a
Q2.50 GeV2 only ~see the results for the pion and tran
tion form factors in@1,2# and a general discussion in@8#!.
From this point of view, the results of our analysis@1,2# and
the present paper seem to be quite consistent with each o

The late onset of thepQCD in the reactiong* (Q2)p
07401
n

c

er.

→Vp means that it is the strong-QCD Pomeron that actua
works atQ2<100 GeV2, thus exposing an intriguing situa
tion with vector meson electroproduction processes.

The matter is that theW dependence of the photoprodu
tion reactions (Q250) in the regionW;10–200 GeV is
rather flat, similar to that in hadronic processes likepp
→pp. However, the reactiong* (Q2)p→Vp at Q2;10–
20 GeV2 demonstrates a differentW dependence: namely
the cross sections increase asW2D with D'0.3. There might
be an attractive possibility to refer this growth to the chan
of the Pomeron regime from the strong-QCD one in the fi
case to the BFKL Pomeron in the second one.

However the results of our analysis show that the BF
Pomeron cannot be seen in the diffractive production in
regionQ2<100 GeV2. Therefore, a theoretical explanatio
of the change of theW dependence lies in better understan
1-15
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ing of properties of the strong-QCD Pomeron. One of
possibilities is to explain this change of theW dependence by
a complicated ‘‘heterogeneous’’ structure of the strong-Q
Pomeron, when its different components reveal themse
at Q2;0 andQ2;10 GeV2.

For example, one may suggest the following scenarios
the strong-QCD Pomeron.

In the reactions withQ2;0 as well as hadronic process
pp→pp or pp→pp, the amplitude is governed by th
Pomeron with intercept close to unity:j 511D, with D
.0.1 ~KTDL-Pomeron @21#!. In this case, the KTDL-
Pomeron contribution must vanish atQ2;10 GeV2 leaving
the leading role to a new pole with a larger interce
Dnew pole.0.3 @22#.

In the reactions withQ2;0 as well as hadronic process
pp→pp or pp→pp, the amplitude is determined by mu
tiple primary-Pomeron-induced rescatterings in the dir
channel @23,24#. A slow growth of the amplitudes atW
.

.

e
tu
J

G.

07401
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t

;10–200 GeV,De f f ective.0.1, occurs at rather large valu
of the primary Pomeron intercept,Dprimary Pomeron.0.3
@24#. In this scenario, in order to obtain the growth of th
electroproduction amplitudes observed in the experime
;W0.6, the multiple rescatterings should die with the i
crease ofQ2 in such a way that at moderately largeQ2 only
the one-Pomeron exchange survives, leading to the am
tude growth;W2Dprimary Pomeron.

However a detailed consideration of the strong-QC
Pomeron is beyond the scope of this article and we leave
intriguing subject to other publications.
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