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Diffractive light vector meson production at large momentum transfers

D. Yu. Ivanov*

Institute of Mathematics, 630090 Novosibirsk, Russia
~Received 18 August 1995!

The diffractive processg* (Q2)p→V1X ~whereV5r0,v,f are the vector mesons, consisting of light
quarks, andX represents the hadrons to which a proton dissociates! is studied. We consider the region of large
momentum transfersutu@LQCD

2 , and large energiess. In the leading logarithm approximation of perturbative
QCD ~using the BFKL equation! the asymptotic behavior of the cross section in the limits→`,s@utu,Q2 is
obtained. We compare the results derived from the BFKL equation with that obtained in the lowest order
QCD ~two-gluon exchange in thet channel!. The possibility to investigate these reactions at DESY HERA is
discussed.

PACS number~s!: 13.60.Le, 12.38.Bx
t

I. INTRODUCTION

The processes of diffractive production of light neutr
mesons in photon-proton collisions have attracted the at
tion of both theorists and experimenters for a long time.
particular, this interest has increased recently, in connec
with the possibility to study these processes at the DE
ep collider HERA in the region of larger center-of-mass e
ergies and virtualities of incoming photons as compared
the previous fixed target experiments.

At sufficiently large energies, diffractive interactions a
usually considered in the frame of Regge theory@1#. It is
expected that the diffractive production of neutral meso
can be described in terms of the exchange of a Pomeron
object with the quantum numbers of the vacuum. Howev
the nature of a Pomeron now is not clear. As was establish
the phenomenology based on the exchange of the Pom
with the intercept of 1.08~the soft Pomeron! describes well
the data on the energy dependence of hadron-hadron
cross sections and the variety of data on soft diffractive p
cesses. However, there is another picture of the Pomeron@the
hard or Balitskii-Fadin-Kuraev-Lipatov~BFKL! Pomeron#,
which was derived in perturbative QCD (pQCD!, see Refs.
@2–5#. Modern experiments at HERA support the idea th
the physics of hard diffractive interactions can be understo
in the frame of the hard Pomeron concept. Therefore,
clarify the nature of the Pomeron, it seems important to
tain the predictions of perturbative QCD (pQCD! for various
diffractive processes and to compare them with the exp
ment.

In this paper we study in perturbative QCD the inelas
diffractive process of light vector meson productio
(V5r0,v,f) in g* (Q2)p interactions:

g* p→VX, ~1!

where the mesonV and the hadronsX to which the proton
dissociates are divided by a large rapidity gap.Q2 is the
virtuality of the photon. The process~1! will be considered in
the region of large momentum transfers,utu@LQCD

2 , and suf-
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ficiently large center-of-mass energies,s@utu,Q2. We will
discuss both the diffractive photoproduction@process~1! at
Q250# and the diffractive process of meson production in
the deep inelastic scattering for an arbitrary relation between
Q2 and utu.

The common interest, as a rule, is related to the elastic
processg* p→Vp in the region of low momentum transfers
initiated by real or virtual photon. It was studied in various
frameworks in Refs.@6–10#. Recently, the results of investi-
gation of this process at HERA were reported for the case of
photoproduction of ther0 meson@11# as well as for the case
of r0 production in deep inelastic scattering@12#. The most
impressive result of the experiment@12# is the observed
strong rise with increasing energy of the cross section of
r0 meson production initiated by virtual photon, when com-
pared with the data at lower energy. This behavior cannot be
explained by production through soft Pomeron exchange.

The cross section of the elastic processg* p→Vp de-
creases strongly with the growth of transferred momentum.
In the region of large momentum transfers the inelastic dif-
fractive process~1! is more probable than the elastic one.
Our estimates give not too small cross sections for process
~1!, and we hope that it can be really measured in the future
at HERA. The investigation of the process~1! in a wide
range of parameters (s,utu,Q2) should give us important in-
sight into the nature of hard diffractive interactions; it opens
the possibility to examine the hard Pomeron trajectory away
from t50.

We reason that the transferred momentum~or transferred
momentum and virtuality of photon! is large enough and
therefore the applicability of perturbative QCD to the de-
scription of the process~1! is beyond doubt. However, per-
turbative expansion for the hard scattering process can be no
trivial. The perturbative series in the discussed kinematical
region contain two parameters as(L

2)!1 and
as(L

2)ln(s/L2). Here,L2;utu,Q2 is the hard scale for pro-
cess~1!. Since the parameterasln(s/L

2) can be not small,
there is a necessity of perturbative series summation.

Process~1! has the vacuum quantum numbers in thet
channel. The summation of leading logarithms@asln(s)# in
the vacuum channel leads to the famous BFKL equation,
which describes the perturbative~hard! QCD Pomeron in the
leading logarithm approximation~LLA !; see Refs.@2–5#.
3564 © 1996 The American Physical Society
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53 3565DIFFRACTIVE LIGHT VECTOR MESON PRODUCTION AT . . .
Using the solution of the BFKL equation, we will obtain th
asymptotic behavior of the cross section of the process c
sidered ats→` and nonzero value of momentum transfer

The process~1! in the same kinematics was considered
Ref. @13#, where, for the description of the transition of th
quark pair to the meson, consisting of heavy quar
(V5J/c,Y), the nonrelativistic approximation was use
The process of light meson production needs to be con
ered separately, since here the nonrelativistic approxima
is not applicable. It is necessary to take into account
nontrivial longitudinal motion of quarks in a light meson i
accordance with the standard leading twist approach to
hard exclusive processes; see@14,15#. Besides, there is a sub
stantial difference in the polarization state of the meson p
duced in reaction~1!. For heavy meson production there
an approximate helicity conservation; the helicity of the m
son coincides with the helicity of the initial photon
lM5lg561; see@16#. In contrast, the light mesons, as
consequence of helicity conservation at each vertex in
chiral limit of QCD, are produced in a state with helicit
lM50, irrespective of the helicity state of the initial photon
The amplitudes of production of light and heavy meso
have a different structure; compare Eqs.~9! and ~12! with
~13! and ~14!. The results for the amplitude of theJ/c pro-
duction process cannot be directly~by substitution
mJ/c→mr0) transferred to light meson production. Ther
fore, the conclusion of Ref.@13# ~which is based on this
substitution!, about a larger yield atutu@mV

2 of heavy vector
mesons than that of the lighter ones, seems to us an arbit
one.

The diagram for the process~1! is presented in Fig. 1. At
sufficiently large momentum transfer (2t@LQCD

2 ) the lower
part of Fig. 1, which describes the disintegration of the pr
ton after the absorption of the colorlesst-channel gluon sys-
tem, can be described in the frame of the parton model. T
gluons in thet channel can be considered as a probe of
parton content of the proton, just as the virtual photon prob

FIG. 1. One of the diagrams that describes the process of
fractive vector meson production at large momentum transfer. Ot
diagrams are obtained by all the possible transpositions of the
on’s lines.
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the proton in ordinary deep inelastic processes. The essenti
difference between the virtual photon and the two-gluon col-
orless system as the proton’s probes is that the latter ha
coupling with both the quarks and the gluons. Therefore the
cross section of process~1! may be represented as the prod-
uct of ‘‘hard scattering’’ cross section and parton distribution
functions in a proton:

ds~g* p→VX!

dtdx
5S 8116G~x,t !1(

f
@q~x,t !1q̄~x,t !# D

3
ds~g* q→Vq!

dt
. ~2!

The coupling of the two-gluon colorless system with the
gluon is 9

4 times stronger than the coupling with the quark;
therefore the coefficient8116 in Eq. ~2! is present. In Ref.@13#
some arguments are presented suggesting that, at HERA e
ergies and atutu>2 GeV2, the deviation from this simple
parton picture~the possibility to connectt-channel gluons
with the different partons in the proton! does not exceed
15% for events in which the invariant mass of the products
of the photon’s disintegration is not too large,MX

2;2t.
The signature of the hard diffractive process~1! is the

large empty rapidity interval~rapidity gaph;a few units!
between the produced meson and other hadronsX to which
the proton disintegrates. Variablex in Eq. ~2! and the rapidity
gap between meson and scattered quark in Fig. 1 are relate
by the simple equationx5(4utu/s)cosh2(h /2). The hadroni-
zation process of the scattered quarks can lead to some re
duction of this rapidity gap. The mean value of this reduction
was estimated in Ref.@17#; it is ;0.7. To obtain the esti-
mates for the cross sections, below we will ignore this com-
plexity and simply integrate over the regionx>x0 .

In the Born approximation~two-gluon exchange in thet
channel! the process of light vector meson production on the
quark g* (Q2)q→Vq was considered in detail earlier@18#.
In the next section we obtain the results for this process in
LLA. In the closing section the comparison of results of the
LLA and the Born approximation will be done; we also give
estimates for the cross sections of hard diffractive process~1!
and discuss the possibility to study it at HERA. In the Ap-
pendix we will discuss the approximate method for the cal-
culation of amplitudes in the LLA based on the result of@19#
for the amplitude of quark-quark scattering.

II. PROCESS g*Q˜VQ IN LLA

First we recall general LLA results of perturbative QCD
and the expressions which describe the photon to meso
transition. In what follows we present results obtained for the
process considered separately for the cases of real and virtu
photons in the initial state.

A. General LLA expressions

In the LLA, as was established in Refs.@2–4#, the ampli-
tude of the~quasi!elastic scattering of two colorless objects
may be written as

dif-
her
glu-
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A~s,t !5 isE
s2 i`

s1 i` dv

2p i S s

L2D v

f v~q2!, t52q2,

f v~q2!5E d2k1d
2k2F

1~k1 ,q!F2~k2 ,q! f v~k1 ,k2 ,q!,

~3!

wherek1 and k2 are the two-dimensional momenta of th
t- channel gluons in Fig. 1,fv(k1 ,k2 ,q) is the partial wave
amplitude of gluon-gluon scattering in the color singlet cha
nel, and the impact factorsF1,2(k,q) depend on the internal
structure of the scattering objects.L2 is the hard scale of the
process. In the case when process~1! is initiated by real
photons, the only hard scale is the momentum transf
Therefore in this caseL2;2t. Throughout the paper all
momentum vectors are two-dimensional vectors in the pla
orthogonal to the axis of reaction.

The impact factors of colorless particles tend to ze
when the momenta of the gluons in thet channel vanish,

F1,2~k,q!uk505F1,2~k,q!uk2q5050. ~4!

The partial wave amplitudef v(k1 ,k2 ,q) is the solution of
the BFKL integral equation@2#. In Ref. @4# Lipatov has ob-
tained the result forf v(k1 ,k2 ,q) in the important case when
the momentum transfer is nonzero,qÞ0. The high energy
asymptotic of the partial wave amplitude can be written a

f v~k1 ,k2 ,q!5
1

64p6E dn

~n21 1
4 !2

3
n2

v2v~0,n!
I n* ~k1 ,q!I n~k2 ,q!, ~5!

I n~k,q!5E d2r1d
2r2S ~r12r2!

2

r1
2r2

2 D
1
2 1 in

3exp@ ikr11 i ~q2k!r2#. ~6!

In the derivation of Eqs.~5! and~6! we keep only the leading
(n50) term in Eq. ~29! of Ref. @4#, and perform simple
rearrangements similar to those done in Ref.@19#.

In Ref. @19# the LLA result for the differential cross sec-
tion of quark-quark elastic scattering was derived. In Eq.~5!,

v~n,n!5
6as

p
x~n,n!,

x~n,n!5ReFc~1!2cS unu11

2
1 in D G , ~7!

wherec is a standard logarithmic derivative of theG func-
tion.

It is necessary to define the impact factors in Eq.~3!. The
impact factor of the quark is

Fq→q5as

dab

N
; ~8!

hereN53 is the number of colors. Below, for the sake o
simplicity, we will discuss the production ofr0 mesons; the
e

n-

er.

ne

ro

s

f

results forv andc production can be trivially obtained by
the change of coupling constants. The impact factor of the
g→r0 transition, which describes the upper block of Fig. 1,
was derived in Ref.@20#:

Fg→r0~k,q!52eas

dab

2N
f rQrE

21

11

djwr~j!j~Q•e!. ~9!

According to the QCD leading twist approach to the hard
exclusive reactions@14,15# this impact factor has the form of
a convolution~the integral overj) of the hard amplitude of
the photon to collinear quark pair transition and the process
independent meson distribution amplitudew(j,m). The vari-
ablej describes the relative longitudinal motion of quarks in
a meson andm is a factorization scale. For the photoproduc-
tion process it is natural to choose the value of momentum
transfer as the factorization scale,m252t. The information
about the distribution amplitude can be obtained from analy-
sis of other exclusive processes or is derived by nonpertur
bative QCD methods~QCD sum rules, calculations on a lat-
tice!. Further, we will use the simple parametrization for the
r0 meson distribution amplitude:

wr~j!5
3

4
~12j2!S 12

bV
5

1bVj2D . ~10!

The value of the parameterbV was estimated by the QCD
sum rules method in Ref.@15#. At m.0.521.0 GeV,
bV51.5. The dependence of the distribution amplitude on
the factorization scale is predictable in perturbative QCD, to
the lowest order:

bV~m2!5bV~m1!@as~m2!/as~m1!#
50/9b0, b05112

2

3
nfl .

~11!

In Eq. ~9! dab/N is the color factor, which appears due to
the projection on the colorless state of the quark pair.e is the
polarization vector of the photon andf r5210 MeV is the

dimensional coupling constant.Qr51/A2 is connected with
the charge content of ther0 meson, ur0&5(uuū&
2udd̄&)/A2. VectorQ in Eq. ~9! has the form

Q5F q

q2~11j!/2
1

k2q~11j!/2

@k2q~11j!/2#2G2@j↔2j#. ~12!

The terms that do not depend onk in Eq. ~12! describe those
diagrams as depicted in Fig. 1 when thet-channel gluons
link to the same quark~or antiquark! line in the upper block
of Fig. 1. Terms in Eq.~12! depending onk describe the
diagrams where the qluons link to various quark lines.

Note that Eq.~9! describes the transition of the photon to
the longitudinal polarized meson. The impact factor of pro-
duction of a meson in a state with helicityl561 is

Fg→r0~k,q!5eas

dab

2N
f rQrE

21

11

djwr~j!mR~e•eM* !; ~13!

herem is the quark mass of which the meson consists and
eM is the polarization vector of the meson. The scalarR is
symmetric about the permutation of the quark’s momenta:



m

a

53 3567DIFFRACTIVE LIGHT VECTOR MESON PRODUCTION AT . . .
R5F 1

@q~11j!/2#2
1

1

@k2q~11j!/2#2G1@j↔2j#. ~14!

To produce the meson in a state with helicityl561 it is
necessary to flip the quark’s spin. It is the reason why a
plitude ~13! is proportional tom, the current mass of the
quark. Therefore light mesons can be produced in a st
with helicity l50 only.

In the high energy limitas ln(s)@1, the region of smalln
gives the main contribution to the amplitude in Eqs.~5! and
~6!. Therefore we can integrate overn and represent the am-
plitude in the factorized form

A~s,t !5 is
exp~r ln4!

p@28p3z~3!r#3/2
J2* ~q!J1~q!,

r5
6as

p
ln~s/L2!. ~15!
-

te

All dependence on the structure of particles, participating
in the reaction, contains in the factorsJ1,2

J1,2~q!5E d2kF1,2~k,q!I n50~k,q!. ~16!

The factorJ2(q) appears in the calculation of quark-quark
scattering in the LLA; it was found in Ref.@19#:

J2~q!52
2as

3

~2p!3

q
dab. ~17!

B. Real photon in initial state

Let us define the factorJ1(q) that describes the upper part
of Fig. 1, the transition ofg→r0. The integration overd2k
in Eq. ~16! gives
E d2k exp~ ik•r!Fg→r0~k,r!52
eas

6
dabQr f rE

21

11

djjwr~j!F ~2p!2S 24j

12j2D d2~r!
e•q

q2
1~2p i !

e•r

r2 H expS iq•r
11j

2 D
2expS iq•r

12j

2 D J G . ~18!
Note that the contribution of the first;d2(r) term in the
right-hand side of Eq.~18! vanishes at the subsequent inte
gration over variablesr1 and r2 . The contribution of the
second term is

J1~q!52~4p i !
eas

6
dabQr f rE

21

11

jwr~j!djE d2r1d
2r2

3
e•~r12r2!

ur1uur2uur12r2u
exp F iqS r1

11j

2
1r2

12j

2 D G .
~19!

Let us next writeJ1(q) as

J1~q!52~16p!
eas

6q2
dabQr f r~e•n!E

21

11

jwr~j!dj
d

dj
I ~j!,

n5
q

q
, ~20!

where the functionI (j) is the integral over dimensionless
vectorsr1,2,

I ~j!5E d2r1d
2r2

ur11r2uur12r2ur 2
ein•~r11jr2!. ~21!

After simple rearrangements we obtain

I ~j!52pE d2r

ur1nuur2nuur2jnu
. ~22!
-
Unfortunately, we have failed to obtain the analytical expres-
sion for I (j). Therefore, in Eq.~20! the integral overj with
the distribution amplitude of a meson was calculated first and
then the integration overd2r was performed.1 As a result we
obtain

J1~q!52
p5

2

easd
abQr f r~e•n!

q2
hV , hV5S 11bV

131

320D .
~23!

Equations~15!, ~17!, and~23! define the amplitude of the
meson photoproduction on quarks,gq→r0q. The cross sec-
tion of this reaction may be expressed in terms of an experi-
mentally measured quantity—the width of decay of ther0

meson into ane1e2 pair, Ge1e2
V

54pa2f V
2QV

2/3mV ,

dsBFKL

dt
5

4p4hV
2

1029z3~3!

as
4mVGe1e2

V

autu3
e~2r ln4!

r3
~e•n!2.

~24!

C. Virtual photon in initial state

In the previous subsection we have obtained the analytical
results for the process~1! in the case of photoproduction,
whenQ250. Let us go to the consideration of meson pro-
duction by off-shell photons.

Note again that the helicity conservation discussed above
holds for both real and virtual photons in the initial state.

1At this stage a transition to elliptic coordinates was used.
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Perturbative QCD thus predicts the definite helicity of th
produced mesons,l50.

The impact factors of theg* (Q2)→r0 transition were
derived earlier@18#. The off-shell photon can be longitudi-
nally (S) or transversely (T) polarized. First we consider a
process initiated by theT photon. The impact factor of the
g (T)→r0 transition has the same form as the impact facto
for a real photon~9!. The inclusion of the photon’s virtuality
leads to modification of the structureQ:

Q→Q5F q~11j!/2

~12j2!Q2/41@q~11j!/2#2

1

k2q
11j

2

~12j2!Q2/41@k2q~11j!/2#2
G2@j↔2j#.

~25!

Now the factorJ1 depends on two variables~on the momen-
tum transferq and on the virtuality of the photonQ). After
simple rearrangements it can be brought to the form

J1
~T!52~16p!

eas

6q2
dabQr f r~e•n!E

21

11

jwr~j!

3L ~T!~h,j!dj, h5
Q

q
A~12j2!; ~26!

hereL (T)(h,j) is expressed in terms of Bessel functions o
the first kindJ1 andK1:

L ~T!~h,j!5E d2k1d
2k2~k1–k2!

k1uk11k2~11j!uuk12k2~12j!u

3J1~k1!hK1~hk2!. ~27!

It can be shown that in the limitQ2!q2 the obtained
result reduces to that derived in the previous subsection
real photons,L (T)(h,j)→(d/dj)I (j); see Eqs.~20!, ~21!,
and ~23!.

When the virtuality of the photon is high,Q2@q2, the
main contribution to integral~27! originates from the region
of small k2 , k2<1/h. Therefore,

L ~T!~h,j!uh@1.E d2k1d
2k2~k1–k2!

k1
3@112j~k1–k2!/k1

2#
J1~k1!hK1~hk2!

.22pjE k2
2dk1d

2k2
k1
2 J1~k1!hK1~hk2!.

~28!

This expression is logarithmically divergent at the lowe
limit of the integration onk1 . This singularity slows down at
k1;1/h. Hence the result with logarithmic accuracy can b
written as
e

r

f

for

r

e

L ~T!~h,j!uh@1.2pj ln~h!E d2k2k2
2hK1~hk2!

523p3j
ln~h!

h3 . ~29!

Performing the integration overj in Eq. ~26! we obtain

J1
~T!

Q2@q2'3p5easd
ab
Qr f r~e•n!q

Q3 F lnQq S 11
11

20
bVD

2
~11 ln4!

2
2
bV
2 S 74801

44

80
ln4D G . ~30!

Let us turn to the case of longitudinal polarization of the
initial photon. The impact factor of theg (S)→r0 transition
has the form

Fg→r0~k,q!52eas

dab

2N
f rQr

3E
21

11

djwr~j!
12j2

2
AQ2R~Q!. ~31!

The amplitude of the (S) photon to meson transition is pro-
portional to the virtuality of the photon. In addition, the de-
pendence on the photon’s virtuality is contained in the struc
tureR(Q):

R~Q!5F 1

m21@~12j2!/4#Q21@q~11j!/2#2

2
1

m21@~12j2!/4#Q21@k2q~11j!/2#2G
1@j↔2j#. ~32!

For the subsequent discussion of the heavy mesons pr
duction we keep the quark mass in Eq.~32!. The factorJ1 for
the scalar photon is

J1
~S!5~16p!

easQ

6q3
dabQr f rE

21

11

~12j2!wr~j!L ~S!~h,j!dj,

~33!

whereL (S)(h,j) is expressed in terms of Bessel functions of
the zeroth kind:

L ~S!~h,j!5E d2k1d
2k2

k2J0~k1!K0~hk2!

uk11k2~11j!uuk12k2~12j!u
.

~34!

In the limiting caseQ2@q2,

L ~S!~h,j!uh@1.2p3
ln~h!

h3 . ~35!

Substituting~35! in Eq. ~33! and performing the integration
over j we obtain
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J1
~S!~q!uQ2@q2'2p5easd

ab
Qr f r

Q2 F lnQq S 11
bV
20D

1
~12 ln4!

2
2bVS 3801

ln4

40 D G . ~36!

The asymptotic expression~36! for the amplitude of a
process initiated by (S) photon becomes valid at lower vir
tuality of the photon~at fixed q) in comparison with the
Q2 for which the asymptotic expression~30! for the ampli-
tude of a process initiated by (T) photon comes into play.
Compared to the impact factor of theg (T)→r0 transition, the
impact factor of g (S)→r0 contains the additional facto
12j2, which in the subsequent integration overj in Eq. ~33!
suppresses the contributions of the end point regi
j→61. Thus the meanh in the integration in Eq.~33! is
;Q/q and the constant, which in Eq.~36! is subtracted from
the term; ln(Q/q), is small. The same constant in the a
ymptotic expression~30! for the amplitude of the proces
initiated by (T) photon is substantially larger.

In Ref. @13# integral ~34! was calculated numerically a
j50 for various values ofh. It turns out that the asymptotic
expression~35! differs from the numerical result by less tha
10% whenh>3. Therefore, we will anticipate that the as
ymptotic expression~36! can give a result that is close to th
true one whenQ2/q2>10, in so far as the end point region
~whenj→61) do not give a substantial contribution in th
subsequent integration overj in Eq. ~33!. Further, we will
use Eq.~36! for estimates of the cross section at HERA e
ergies. The inaccuracy connected with using the asympt
Eq. ~36! rather than the exact results~33! and ~34! cannot
exceed 10% whenQ2/q2>10.

III. DISCUSSION

In the previous part we derived in the LLA the cross se
tion of vector meson photoproduction on quarks
s/utu→`. Let us compare~24! with the result obtained in
Ref. @20# for the cross section in the Born approximatio
~two-gluon exchange in thet channel!:

ds2G

dt
5
64p

3

as
4mVGe1e2

V

autu3 ~e•n!2yV
2 , yV5~11 7

15bV!.

~37!

In the Born approximation the cross section does not
pend on the collision energy. In the LLA the cross secti
increases as a power of energy. Nevertheless, the ratio

dsBFKL

ds2G 5
p3

5488z3~3!

hV
2

yV
2

exp~2r ln4!

r3

.0.0033
exp~2r ln4!

r3
~38!

exceeds unity only at the sufficiently large values of para
eterr5(6as /p)ln(s/L

2), whenr>3.43. For the process~1!
at Q250 it is natural to choose the square of momentu
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transfer asL2 and the normalization point of the strong in-
teraction constantL25q2, as(q

2). In Table I we give the
values of~c.m.! energies at which the ratio~38! is equal to
unity depending on momentum transfer.

In the region of large momentum transfers,q>425 GeV,
the high energy asymptotic of the LLA exceeds the Born
predictions only whenAsgp.2002340 GeV. These energies
are too high even for the HERA collider. At these transfers
and energies available at HERA,Asgp;502200 GeV, the
expressions obtained in the high energy limit of the LLA are
not applicable, since they give a result which is less than that
obtained in lowest order. In that instance the more accurate
analysis of the BFKL series is needed. One can try to calcu-
late a few first items of the expansion inas , by means of
iterating the BFKL equation for partial amplitude. In the re-
gion under consideration the parameterr is sufficiently
large,r;223.4. Since the required number of iterations is
;r, this analysis will be complicated.

Nevertheless, it is natural in our opinion that the Born
result can give a lower bound for the cross section. The value
of cross section obtained in the two-gluon approximation is
not too small. According to Eqs.~2! and ~37! when
x.0.01 andutu>16 GeV2 the total cross section of hard
diffractive production of r0 mesons s2G(gp→r0X)
'4.6 nb; whenx.0.01 andutu>25 GeV2 this cross section
reduces to'1.1 nb.2

At not too large transfers, q;324 GeV, the energy region
where the BFKL result is larger than the Born one,
Asgp.1002200 GeV, is available at HERA. However, these
transfers most likely are not sufficiently high for applicabil-
ity of perturbative QCD to the description of the photon to
meson transition. In the paper@18# some arguments are made
in favor of the boundary value of momentum transfer, from
which the asymptotic~in 1/q) equations of perturbative QCD
~9! and ~13! become applicable, being;425 GeV for the
Born amplitude.3

Investigating processes~1! over a wide range of transfers,
it would be possible to determine the range of validity of
perturbative QCD. Important information about the region of
validity of perturbative QCD can give a measurement of the
meson’s polarization. Recall that perturbative QCD predicts
the definite helicity of the produced meson,l50. On the
contrary, in the region of small transfers one would expect, in

2In the integration of the differential cross section~37! the depen-
dence ofas on transfer momentum was taken into account.
3The Born amplitude gets a sizable contribution in the regions

where one of the virtual quarks in the upper block of Fig. 1 is near
mass shell. For the self-consistency of the perturbative approach it
is necessary that the relative value of the contribution of nonpertur-
bative regions, where the virtuality of the quark<LQCD

2 , is small.
According to Ref.@18#, this criterion is fulfilled beginning with
sufficiently large transfer momentaq>425 GeV.

TABLE I. Values of center-of-mass energies at which the ratio
~38! is equal to unity depending on momentum transfer.

q ~GeV! 3 4 5 6 7
As ~GeV! 104 201 335 510 720
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the spirit of the vector dominance model~VDM !, a helicity
conservation in the transitiong*→r0.

We show that in the process of hard diffractive photopro
duction of light vector mesons the BFKL behavior is attaine
only at sufficiently large values ofs/t; see Table I. The ori-
gin of the anomalously small numerical coefficien
(;0.003) in Eq.~38! is connectedmainly with the small
numerical coefficient in the general equation for the ampl
tude in the high energy limit of the LLA; see Eq.~15!. In
addition, it is known@19,13,21# that the high energy asymp-
totic of the solution of the BFKL equation displays a smalle
degree of infrared singularity as compared with that of th
sum of diagrams that describe the process in the lowest
der. This leads to the appearance of the additional infrar
logarithm lnq1

2/q2
2 in the integration of the Born amplitude

over d2k ~over the momenta of gluons in thet channel!,
whereq1,2 are the quark’s momenta in Fig. 1. This additiona
logarithm leads in the integration over the relative longitud
nal momentum of the quarks to a larger numerical coefficie
in the Born amplitude as compared to that in the LLA am
plitude.

Let us discuss the diffractive production ofr0 mesons
initiated by off-shell photons. In the previous section we de
rived expressions for the amplitudes in terms of integral
~26! and ~27! for transverse polarization and~33! and ~34!
for longitudinal polarization of the photon. In fact, the am
plitudes are determined by three-dimensional integrals a
can be evaluated numerically. But this calculation is difficu
enough, because the integrand expression oscillates. Inste
we will analyze the process~1! using the analytical expres-
sions~30! and~36! obtained above for the asymptotic of the
amplitudes in the limitQ2@q2.

Let us compare the LLA asymptotic expressions and tho
obtained in the Born approximation.

For transverse polarization of photons,

dsBFKL

ds2G U
Q2@q2

'0.033
Q2

q2ln~Q/q!2
exp~2r ln4!

r3
. ~39!

For longitudinal polarization of photons,

dsBFKL

ds2G U
Q2@q2

'0.013
Q2

q2
exp~2r ln4!

r3
. ~40!

In composing relations~39! and ~40!, we use results of Ref.
@18# for the amplitude of the processg* (Q2)q→r0q in the
Born approximation.

In the limit of large virtualities of photons the asymptotic
result of the LLA for the amplitude exceeds substantially tha
obtained in the two-gluon approximation. Note the addition
enhancing factorQ2/q2 in Eqs.~39! and~40! in comparison
with Eq. ~38!. WhenQ2@q2, the relevant scale of the pro-
cess is determined in the Born approximation by the tran
verse distance between quarks in theqq̄ pair with which the
two-gluon system is connected. This distancer;1/Q and
does not depend essentially on the value of momentum tra
fer q. The BFKL amplitude, atQ2@q2, is characterized by
two different scales: by the size of the quark pair
r1;1/Q, and by the intrinsic distance between gluons in th
-
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BFKL ladder,r2;1/q. In the course of development of the
gluon ladder the transition from scale;1/Q to the larger one
;1/q occurs. Therefore, the BFKL amplitude, as distinct
from the Born one, depends on both the virtuality of the
photon and the momentum transfer atQ2@q2.

Let us estimate the value of the cross section for process
~1! integrated over the region of transfers 2 GeV2<q2<3
GeV2 atQ2525 GeV2 and HERA energies. First of all, note
that in this region the amplitude of the process initiated by
scalar photonA(S) is larger than that initiated by transversely
polarized photonA(T).4 Therefore we will estimate the value
of the cross section of process~1! for the case of longitudinal
polarization of the initial photon. We believe that in the con-
sidered region~whereQ2/q2;10) the asymptotic expression
~36! for the amplitude will give a result differing from the
exact one by a value which does not exceed 10–20%. Ac-
cording to Eqs.~36!, ~15!, and~17!,

dsg~S!q→r0q
BFKL

dt U
Q2/q2@1

'0.96
as
4

a

mVGe1e2
V

Q4q2

3F lnQ2

q2
20.505G2 exp~2r ln4!

r3
.

~41!

The dependence of the amplitude of the process
g (S)q→r0q on the shape of the meson distribution ampli-
tude is not too strong. Therefore we present result~41! for
the distribution amplitude with the parameterbV51.0. Ac-
cording to Eq. ~11!, this value of bV is accepted when
m;325 GeV.

Contrary to the photoproduction process discussed above
where it is natural to choose as the normalization point of the
strong interaction constant the transferred momentumq as
well as to putL25q2, there are two scales (Q2525 GeV2

andq2;223 GeV2! in the kinematical region under consid-
eration. If we choose as the hard scale of the process
L25Q2 and use the same value as the argument ofas in Eq.
~41!, then integrated over the region 2 GeV2<q2<3 GeV2,
x>0.1, the cross sectionsBFKL

„g (S)(Q2525 GeV2)p
→r0X… constitutes '0.19 nb at Asgp5100 GeV and
'0.48 nb atAsgp5200 GeV.

We point out that the results of the calculation are ex-
tremely sensitive to the choice of the normalization point for
as andL2 in Eq. ~41!. If asL2 and the normalization point
for the strong interaction constant we take 0.8Q2, then the
results for cross sections increase more than 1.5 times. Thi
uncertainty is connected with the use of the LLA. Unfortu-
nately, the results for the QCD Pomeron in the next to lead-
ing logarithm approximation are not derived up to now.
However, work in this way is in progress now; see@22–24#.
Therefore, in the complicated case when there are two
strongly differing scales (1/Q and 1/q), we cannot make a
justified choice of the normalization point for the strong con-

4In the Born approximation@18# these amplitudes coincide at
Q25q2. With further growth of photon’s virtuality the amplitude
A(S) decreases more slowly thanA(T).
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stant and the parameterL2. For estimating the cross sectio
in the previous paragraph, we chose the lowest scale, 1Q.
We hope that numbers obtained therewith are estimates
the cross section from below.

The estimates obtained above for cross sections are
too small. Therefore there is a hope to investigate the proc
~1! at HERA in the region of large photon virtualities
Q2@q2;223 GeV2. In this region we predict a fast in-
crease of the cross section with energy growth of theg* p
system. AtQ2525 GeV2 andq2;223 GeV2 we expect a
growth of the cross section more than 2.5 times whenAsgp
increases from 100 to 200 GeV. It will be interesting
handle experimental data using Eqs.~41! and ~2!, varying
herewith the normalization point ofas and the parameter
L2.

CONCLUSIONS

In the high energy limit of the LLA the process of diffrac
tive light vector meson production was studied in the regi
of large momentum transfers with arbitrary virtuality of th
initial photon. In an analytical form the results for photopr
duction ~when Q250) and for the limiting case of large
virtuality (Q2@q2) are derived.

It turns out that the LLA amplitude of process~1! does not
exceed atQ250 the Born one even at the energies of th
collider HERA.

WhenQ2@q2@LQCD
2 the LLA result is larger than the

Born one. The corresponding cross section therewith is
too small. In this region we expect fast growth of the cro
section of process~1! with the energy ofg* p collisions, as is
typical for the BFKL Pomeron.
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APPENDIX

Inserting~13! and ~32! in Eq. ~15! we obtain the ampli-
tude of hard diffractive production of the mesons consisti
of heavy quarks,J/c, Y. The distribution amplitude of
heavy mesons has a small width;y/c!1, wherey is the
velocity of quarks in the meson. If the approximatio
w(j)5d(j) is used, the calculation is simplified drastical
and reduced to the case discussed above of meson produ
by scalar photon; see Eqs.~9! and~13!. Relevant results may
be obtained by the simple replacement in Eqs.~33! and~34!
2AQ2/2→m(e•eM* ) and h→h85A(4m21Q2)/q2. They
are in agreement with that obtained in Ref.@13#.

At the same time, the analytical result of Ref.@13#, which
describes the asymptotic of the amplitude in the lim
q2@(4m21Q2), contains an uncertainty. According to Eq
~11! of Ref. @13#, at r@1/Q,
n
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E d2RJ0~QR!
uru

uR1r/2uuR2r/2u
'J0S 12QRD 4p

Q
. ~A1!

This result is obtained if we anticipate that the main contri-
bution to the integral gives the smallDR;1/Q regions in the
vicinity of the pointsR56r/2. The authors of Ref.@13#
advocate that~A1! confirms the ‘‘natural’’ conjecture that in
the limit q2@(4m21Q2) the contribution of the diagrams in
which thet-channel gluons connect with the various quarks
in a meson can be neglected and one can use the prescription
of Ref. @19# for the amplitude of quark-quark scattering to
calculate the contribution of diagrams in which both the glu-
ons in thet channel link to the same quark in a meson.

Note that there are other integration regions that give a
contribution to~A1! of the same order as the small region in
the vicinity of the singular points discussed above. The con-
tribution of the region 0<R<r8&r/2 can be estimated as
'(8pr8/rQ)J1(Qr8). The regionr82&r9<R<` gives
the contribution '2(2pr/r9Q)J1(Qr9). Because the
functionJ1 oscillates quickly whenQr@1, one cannot hold
that J1(Qr8)'J1(Qr9). Hence the contributions of these
regions do not compensate each other exactly and give a
result of the same order as the contribution that gives the
small regions in the vicinity of the pointsR56r/2. There-
fore the asymptotic result of Ref.@13# for the amplitude in
the limit of high transfersq2@(4m21Q2) is only parametri-
cally valid. The numerical coefficient in the asymptotic is
incorrect. Nevertheless, the difference of the true numerical
coefficient and that derived in Ref.@13# is presumably mod-
est. Hence, the authors of Ref.@13# do not detect this inac-
curacy in the comparison of the asymptotic expression with
the results of numerical calculations.

An integral of type~A1! appears in the analysis of any
exclusive reaction in the frame of the BFKL theory. As was
pointed out in Ref.@21#, the reduction of the full integral to
the contribution of small regions near singular points is
equivalent to the approximation when we take into account
only diagrams in which thet-channel gluons link to the same
parton, and use the prescription of Ref.@19# for the ampli-
tude of quark-quark scattering. We discussed in the above
paragraph that in the region of high transfers this approxima-
tion @Mueller-Tang ~MT! approximation# gives the right
power behavior of the amplitude, but it is not sufficient to
calculate exactly the numerical coefficient. Nevertheless, as
the MT approximation significantly simplifies the calcula-
tions, it can be used for the estimate of an amplitude in a
complicated situation, when the exact calculation encounters
substantial difficulties. This estimate can give a result which
does not differ tangibly from the exact one. For instance, for
the processgq→r0q discussed above the MT approximation
gives the answer

AMT~s,t !5
32

3p2 S 11
2

5
bVD YS 11

131

320
bVDA~s,t !, ~A2!

which exceeds the exact one~23! by less than 10% practi-
cally at anybV .
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