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Photoproduction of vector mesons in the soft dipole Pomeron model
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Exclusive photoproduction of all vector mesons by real and virtual photons is considered in the soft dipole
Pomeron model. It is emphasized that, the Pomeron in this model being a double Regge pole with an intercept
equal to 1, we are led to rising cross sections but the unitarity bounds are not violated. It is shown that all
available data forr,v,w,J/c, andY in the region of energies 1.7<W<250 GeV and photon virtualities 0
<Q2<35 GeV2, including the differential cross sections in the region of transfer momenta 0<utu
<1.6 GeV2, are well described by the model.
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I. INTRODUCTION

A new precise measurement ofJ/c exclusive photopro-
duction by ZEUS@1# opens a new window to our unde
standing of the process and allows us to give more accu
predictions for future experiments. The key issue of the d
set@1# is the diffractive cone shrinkage observed inJ/c pho-
toproduction which leads us to consider it as a soft rat
than pure QCD process so that we can apply the soft dip
Pomeron exchange@2# model.

We are improving the model while not changing its ma
properties such as the universality for all vector mesons
its applicability in a wide energy region. The structure of t
amplitude singularities in thej plane also remains intact bu
we use a nonlinear Pomeron trajectory in order to desc
correctly the behavior of the differential distributions. Th
use of nonlinear trajectories improves, in fact, the analytic
properties of the scattering amplitude. The second
Reggeons, however, are for simplicity taken directly w
their trajectories as determined from the pure hadronic c
The J/c elastic cross section is described as due to the
Pomeron exchange but without unitarity violation.

We utilize the following picture of the interaction: a pho
ton fluctuates into a quark-antiquark pair and as the lifeti
of such a fluctuation is quite long@by the uncertainty prin-
ciple it grows with the beam energyn as 2n/(Q21MV

2) @3##,
the proton interacts via Pomeron or secondary Reggeon
change with this quark-antiquark pair. After the interacti
this pair forms a vector meson@4#. The hint is that such an
interaction must be very close to that among hadrons a
following the principle of Regge pole theory, that th
Pomeron is universal in all hadron-hadron interactions an
all other processes, including deep inelastic scattering,
vided we have an appropriate kinematical region for
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Regge approach to hold~vacuum quantum number exchang
is possible!. Thus, if Pomeron exchange is possible, then
has the same properties~the form of singularity, position of
such a singularity in theJ plane, trajectory, etc.! as in the
hadron-hadron interaction. This is true at least for on-sh
particles. A real photon (Q250) is considered as a hadro
~according to the data!. For Q25” 0 we assume that no new
singularity appears@5#. More precisely, even if we assume
new singularity atQ25” 0, its contribution must be equal t
zero for Q250. Indeed, the analysis of the data@6# shows
that there is no need for such a new contribution.

The basic diagram is depicted in Fig. 1;s and t are the
usual Mandelstam variables, andQ252q2 is the virtuality
of the photon.

It is well known that the high-energy representation of t
scattering amplitude may be expressed as a sum over th
appropriate Regge poles in the complexj plane@7#:

A~s,t !s→`'(
i

h i~ t !b i~ t !~cosu t!
a i (t), ~1!

whereh i(t) is the signature factor andu t is the scattering
angle in thet channel.

In the case of vector meson photoproduction we util
the variablez;cosut :

FIG. 1. ~Color online! Photoproduction of a vector meson.
©2003 The American Physical Society23-1
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z5
2~W22M p

2!1t1Q22MV
2

A~ t1Q22MV
2 !214MV

2Q2
, ~2!

whereW25(p1q)2[s, MV is the vector meson mass, an
M p is the proton mass.

Assuming vector meson dominance@8#, the relation be-
tween the forward cross sections ofgp→Vp andVp→Vp is
given by

ds

dt
~ t50!gp→Vp5

4pa

f V
2

ds

dt
~ t50!Vp→Vp , ~3!

where the strength of the vector meson coupling 4p/ f V
2 may

be found from thee1e2 decay width of the vector mesonV:

GV→e1e25
a2

3

4p

f V
2

mV . ~4!

WhenV5r0 ,v,w,J/c the relations of these couplings ma
be obtained assuming SU~4! flavor symmetry. No attempt is
made to extend flavor symmetry to SU~5! so as to incorpo-
rate also theY coupling. The symmetry is too badly broke
for this to make sense. Using the quark content of the m
sons, we have

^Qj
2&r5U 1

A2
S 2

3
1

1

3DU2

5
1

2
,

^Qj
2&v5U 1

A2
S 2

3
2

1

3DU2

5
1

18
,

^Qj
2&f5U13U

2

5
1

9
,

^Qj
2&J/c5U23U

2

5
4

9
. ~5!

Using the propertyGV→e1e2 /^Qj
2&.const we can obtain the

following approximate relations:

mr / f r
2 :mv / f v

2 :mw / f w
2 :mJ/c / f J/c

2 59:1:2:8, ~6!

which are in fairly good agreement with experimental me
surements of decay widths@9#.

We take these relations into account by introducing
coefficientsNV ~following @10#! and writing the amplitude as
Agp→Vp5NCNVAVp→Vp , where

NC53, Nr5
1

A2
, Nv5

1

3A2
, Nf5

1

3
, NJ/c5

2

3
.

~7!

The amplitude of the processVp→Vp may be written in the
following form:
07402
e-
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A~z,t;MV
2 ,Q̃2!5P~z,t;MV

2 ,Q̃2!1 f ~z,t;MV
2 ,Q̃2!1•••,

~8!

whereQ̃25Q21MV
2 .

P(z,t;MV
2 ,Q̃2) is the Pomeron contribution for which w

use the so called dipole Pomeron which gives a very g
description of all hadron-hadron total cross sections@11,12#.
Specifically,P is given by@13#

P~z,t;MV
2 ,Q̃2!5 ig0~ t;MV

2 ,Q̃2!~2 iz!aP(t)21

1 ig1~ t;MV
2 ,Q̃2!ln~2 iz!~2 iz!aP(t)21,

~9!

where the first term is a singlej pole contribution and the
second@with an additional ln(2 iz) factor# is the contribu-
tion of the doublej pole.

A similar expression applies to the contribution of thef
Reggeon:

f ~z,t;MV
2 ,Q̃2!5 ig f~ t;MV

2 ,Q̃2!~2 iz!a f (t)21. ~10!

It is important to stress that in this model the intercept of
Pomeron trajectory is equal to 1:

aP~0!51. ~11!

Thus the model does not violate the Froissart-Martin bou
@14#.

For r andw meson photoproduction we write the scatte
ing amplitude as the sum of a Pomeron and anf contribution.
According to the Okubo-Zweig rule, thef meson contribu-
tion should be suppressed in the production of thew andJ/c
mesons, but given the present crudeness of the state o
art, we added thef meson contribution in thew meson case.
While we expect thef contribution toJ/c meson production
to be essentially zero, we believe that it is not irrelevant
w meson production. Thef Reggeon can in fact couple wit
states containings( s̄) quarks due to the production of se
s( s̄) quarks or even due to a very small piece of these qua
inside it.

For v meson photoproduction, we also includep meson
exchange~see also the discussion in@15#!, which is needed
in the low-energy sector, given that we try to describe
data for all energiesW. Even though we did not expect it, th
model describes the data well down to threshold.

In the integrated elastic cross section

s~z,MV
2 ,Q̃2!el

gp→Vp54pE
t2

t1

dtuAgp→Vp~z,t;MV
2 ,Q̃2!u2,

~12!

the upper and lower limits
3-2
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2t656
L1L2

W2
2~W21Q22MV

222M p
2!

1
~Q21M p

2!~MV
22M p

2!

W2
, ~13!

L15l~W2,2Q2,M p
2!, L25l~W2,MV

2 ,M p
2!,

~14!

l2~x,y,z!5x21y21z222xy22yz22zx, ~15!

are determined by the kinematical condition21<cosus<1
whereus is the scattering angle in thes channel of the pro-
cess.

The accurate account of the kinematically availablet re-
gion allows us to describe effectively the threshold behav
of cross sections, so that whenW→Wthreshold we havet2

→t1 and the elastic cross section goes to zero. The im
nary part of the amplitude does not vanish at threshold, b
turns out that the kinematical cancellation alone accounts
the threshold behavior. The kinematical character of
threshold behavior of the integrated cross sections was s
ied long ago@16#.

For the Pomeron contribution~9! we use a nonlinear tra
jectory

aP~ t !511g~A4mp
2 2A4mp

2 2t !, ~16!

wheremp is the pion mass. Such a trajectory was utilized
photoproduction amplitudes in@17,18# and its roots are very
old @19#.

For thef meson contribution for the sake of simplicity w
use the standard linear Reggeon trajectory

aR~ t !5aR~0!1aR8 ~0!t. ~17!

In the case of nonzero virtuality of the photon, we have
new variable in play,Q252q2. At the same time, the cros
sectionsL is nonzero. According to@4#, QCD predicts the
following dependence forsT , sL , and their ratio asQ2

goes to infinity:

sT;
1

Q8
@xPG~xP ,Q̃2/4!#2,

sL;
1

Q6
@xPG~xP ,Q̃2/4!#2,

R[sL /sT;Q2/MV
2 ,

s5~sT1sL!uQ2→`;sL , ~18!

wherexPG(xP ,Q̃2/4) is the gluon distribution function an
xP5(Q21MV

2)/(W21MV
2) ~see, however,@21,22#, where

another possibility is investigated!.
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II. THE MODEL

For the Pomeron residues we use the following parame
zation:

gi~ t;MV
2 ,Q̃2!5

gi

Qi
21Q̃2

exp@bi~ t;Q̃2!#, ~19!

i 50,1.

The slopes are chosen as

bi~ t;Q̃2!5S bi01
bi1

11Q̃2/Qb
2D ~A4mp

2

2A4mp
2 2t !, ~20!

i 50,1,

to comply with the previous choice~16! and analyticity re-
quirements@19#.

The Reggeon residue is

gR~ t;MV
2 ,Q̃2!5

gRM p
2

~QR
21Q̃2!Q̃2

exp@bR~ t;Q̃2!#, ~21!

where

bR~ t;Q̃2!5
bR

11Q̃2/Qb
2

t, ~22!

g0 ,g1 , Q0
2 (GeV2), Q1

2 (GeV2), QR
2 (GeV2), Qb

2 (GeV2),
b00 (GeV21), b01 (GeV21), b10 (GeV21), b11 (GeV21),
andbR (GeV22) are adjustable parameters.R5 f for r and
w, R5 f ,p for v. We use the same slopebR for f and p
Reggeon exchanges.1

A. Photoproduction of vector mesons by real photons„Q2Ä0…

In the fit we use all available data starting from the thre
old for each meson. As the new data set of ZEUS@1# pro-
vides us with the unique information on both integrated el
tic cross section and differential distribution of exclusiveJ/c
meson photoproduction, we keep only these data forQ2

50. This allows us to explore the effects of nonlinearity
the Pomeron trajectory and residues. In the region of nonz
Q2 the combined data of H1 and ZEUS are used.

Different experiments have different normalizations, es
cially at low energies. This implies that thex2 per degree of
freedom ~DOF! will not be very good, while the overal
agreement is quite satisfactory.

The whole set of data is composed of 357 experimen
points2 and, with a grand total of 12 parameters, we fi

1Of course, the forms of thep Reggeon and of thef Reggeon can
be quite different. However, for the sake of economy in the num
of parameters, we use the same parametrization.

2The data are available at REACTION DATA database http
durpdg.dur.ac.uk/hepdata/reac.html; CROSS SECTION PPDS d
base http://wwwppds.ihep.su:8001/c1-5A.html
3-3
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TABLE I. Parameters obtained by fittingr0 , v, w, andJ/c photoproduction data.

N Parameter Value Error Trajectory a(0) a8(0)(GeV22)

1 g (GeV21) 0.5385331021 0.1566631021 Fixed Fixed

2 g1 0.1043531021 0.1785131021 1 f Reggeon 0.8 0.85

3 g0 20.3290131021 0.4944931024 2 p Reggeon 0.0 0.85

4 gf 0.8337131021 0.4950331023 Meson No. of points x2 per point

5 gp 0.60011 0.2196231021 1 r0(770) sel , 127 1.49

6 Q0
2 (GeV2) 0.0 Fixed r0(770) dsel /dt, 24 0.99

7 Q1
2 (GeV2) 0.41908 0.2358631022 2 v(782) sel , 57 1.65

8 QR
2 (GeV2) 0.0 Fixed v(782) dsel /dt, 12 0.83

8 Qb
2 (GeV2) 3.9724 0.32482 3 w(1020) sel , 39 0.98

10 b10 (GeV21) 2.1251 0.7398331021 w(1020) dsel /dt, 5 0.61

11 b11 (GeV21) 2.5979 0.21451 4 J/c(3096) sel , 29 0.79

12 b00 (GeV21) 2.6967 0.2498531021 J/c(3096) dsel /dt, 70 1.92

13 b01 (GeV21) 6.7897 0.1871731021 All mesons No. of points x2/DOF

14 bR (GeV22) 4.5741 0.1050931022 r0 ,v,w,J/c 357 1.49
ria

s
s
t

th

th

s

di
is
et

is

fit

n

x2/DOF51.49. The main contribution tox2 comes from the
low-energy region (W<4 GeV); had we started fitting from
Wmin54 GeV, the resultingx2/DOF50.85 for the elastic
cross sections would be much better and more approp
for a high-energy model.

In order to get a reliable description and the parameter
the trajectories and residues we use elastic cross section
each process from threshold up to the highest values of
energy and differential cross sections in the wholet region
where data are available: 0<utu<1.6 GeV2. The data on the
differential cross sections ofr meson production atW
571.3 GeV andw meson production atW513.731 GeV are
not included in the fitting procedure.

The parameters are given in Table I. The errors on
parameters are obtained byMINUIT .

The results are presented in Fig. 2, which also shows
prediction of the model forY(9460) photoproduction.

As can be seen, the model describes the vector me
exclusive photoproduction data without the need of
Pomeron contribution with intercept higher than 1. In ad
tion, the rapid rise of theJ/c cross section at low energies
described as a transition phenomenon, a delay of the ons
the real asymptotic.

Indeed, we can estimate the coefficientsaV in the inte-
grated cross sections at asymptotic energies where the r
component of the Pomeron dominates,s(z,MV

2 ,Q2

50)el
gp→Vp'aV ln s. One can see that independent of the

ted parameters

aV1
:aV2

5S NV1

NV2

D 2S MV2

MV1

D 4
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and consequently

av :aw :aJ/c :ar50.12:0.68:0.004:1.0.

This means that~i! all cross sections, especiallysgp→J/cp,

FIG. 2. ~Color online! Elastic cross sections for vector meso
photoproduction. The solid curve forY(9460) production corre-
sponds toNY5Nw , the dotted line toNY5NJ/c .
3-4
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rise more slowly thansgp→rp and ~ii ! sgp→wp will rise at
higher energies faster thansgp→vp.

Thus we can conclude that the available experimental d
are still rather far from being asymptotic. In the dipo
Pomeron model a steep rise of theJ/c cross section is a
temporary phenomenon. If the experiment at higher ener
keeps showing a steep growth of theJ/c integrated elastic
cross section, this will imply that the soft dipole Pomer
model, at least the present one, is not applicable to he
vector meson production.

Had one assumed SU~5! flavor symmetry for the
Y(9460), we would have found̂Qj

2&Y51/9 and thusNY

5Nw . This relation leads to underestimating theY photo-
production cross section~see the solid line in Fig. 2!. Phe-
nomenologically we find thatNY5NJ/c gives a better de-
scription of the data onY(9460) production~dotted line!,
but perhaps an intermediate value would be more appro
ate.

B. Differential cross section of vector meson
exclusive production

The differential cross section is given by

ds

dt
54puA~z,t;Q̃2,MV

2 !u2. ~23!

Using the amplitude from the previous section this quan
is now calculated and the comparison with the data is p
sented in Figs. 3–8.

Given the universality of our approach we conclude t
extracting the Pomeron trajectory from the experimental d
as proposed in@20# and@1# using the data depicted in Fig.
cannot be regarded as a valid argument to support eithe

FIG. 3. ~Color online! Differential cross section of exclusiver0

meson photoproduction forW594 GeV.
07402
ta

es

vy

ri-

y
-

t
ta

he

hard Pomeron contribution or the Balitskiı˘-Fadin-
Kuraev-Lipatov~BFKL! Pomeron.

Exploring the nonlinearity of the Pomeron trajectory~16!
and slopes~19!, we have tried adding either a linear term
a heavier threshold; both give negligibly small effects. Th
we conclude that new ZEUS data ondsJ/c /dt ~see, for ex-
ample, Fig. 6! are a strong support in favor of the nonline
Pomeron trajectory.

C. Photoproduction of vector mesons by virtual
photons „Q2Ì0…

In Eqs. ~19! and ~21! the Q2 dependence (Q̃25Q2

1MV
2) is completely fixed up to ana priori arbitrary dimen-

sionless functionf (Q2) such thatf (0)51. Thus, we may
introduce a new factor that differentiates virtual from re
photoproduction:

f ~Q2!5S MV
2

Q̃2 D n

. ~24!

Accordingly, in the caseQ25” 0 we use the following param
etrizations for Pomeron couplings@compare with Eq.~19!#:

ĝi~ t;Q̃2,MV
2 !5 f ~Q2!gi~ t;Q̃2,MV

2 !, i 50,1, ~25!

where, for the sake of completeness, we will examine th
different choices for the asymptoticQ2 behavior of the
Pomeron residue:

Choice I:

n51, sT~Q2→`!;
1

Q8
; ~26!

FIG. 4. ~Color online! Differential cross section of exclusiver0

meson photoproduction forW571.7, 73, and 55 GeV. The data an
curves forW555 GeV are scaled by a factor of 1022.
3-5



MARTYNOV, PREDAZZI, AND PROKUDIN PHYSICAL REVIEW D67, 074023 ~2003!
FIG. 5. ~Color online! Differential cross section of exclusiveJ/c meson photoproduction as a function ofW at different^t&.
Choice II:

n50.5, sT~Q2→`!;
1

Q6
; ~27!

Choice III:

n50.25, sT~Q2→`!;
1

Q5
. ~28!

For the Reggeon couplings we have
07402
f R~Q2!5S c1MV
2

c1MV
21Q2D n2

, ~29!

where c1 is an adjustable parameter andn250.25,20.25,
20.5 for choices I, II, III.

Accordingly, in the caseQ25” 0 we use the following pa-
rametrizations for Reggeons couplings@compare with Eq.
~21!#:

ĝR~ t;Q̃2,MV
2 !5 f R~Q2!gR~ t;Q̃2,MV

2 !. ~30!
3-6
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FIG. 6. ~Color online! Differential cross section of exclusiveJ/c meson photoproduction.
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The lack of data on the ratiosL /sT , especially in the high-
Q2 domain, does not allow us to draw definite conclusio
about its asymptotic behavior~the Regge theory is not th
appropriate tool for giving predictions in this case!, nor do
we have a unique prescription in the framework of o
model. There may be several realizations of the model w
different asymptotic behavior ofsL /sT @2#. As a demonstra-
tion of such a possibility we explore the predictions~18! and
use the following~most economical! parametrization forR
~which cannot be deduced from the Regge theory! for
choices I, II, III:

R~Q2,MV
2 !5S cMV

21Q2

cMV
2 D n1

21 ~31!

wherec and n1 are adjustable parameters for choices I,
III.

We have, thus, three additional adjustable parameter
compared with real photoproduction. In order to obtain
07402
s
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,
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e

values of the parameters for the caseQ25” 0, we fit just the
data3 on r0 meson photoproduction in the region 0<Q2

<35 GeV2; the parameters for photoproduction by real ph
tons are the same as in Table I. In order to avoid the lowW
region where nucleon resonances may spoil the picture or
meson exclusive production, we restrict ourselves to the
ergy domainW>4 GeV for Q25” 0.

The parameters thus obtained are shown in Table II.
The results of the fit are depicted in Figs. 9–12. In the

figures as well as in all the following ones the solid, dash
and dotted lines correspond to the choices I, II, and III,
spectively. The description of the data is very good at
energies. Both the high-energy data from ZEUS and H1~Fig.
9! and the low-energy data from HERMES~Fig. 11! are
accounted for. In the region of the HERMES data~Fig. 11!

3The data are available at REACTION DATA database http
durpdg.dur.ac.uk/hepdata/reac.html; CROSS SECTION PPDS d
base http://wwwppds.ihep.su:8001/c1-5A.html
3-7
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our description is comparable to that of Haakman, Kaida
and Koch@23# ~see@24# for details!.

We can now check the predictions of the model. As sta
earlier, we aim at a unified model for all vector meson p
duction, thus the only variable that changes is the mass o
vector meson. In Figs. 13–16 we depict our predictions
v, w, andJ/c mesons and we compare them with the ava
able data. The description of the data is very good for all
three mesons. Thex250.89 for J/c meson exclusive pro
duction follows without any fitting. BothW and Q2 depen-
dences are reproduced very well. Notice that, so far, the th
choices I, II, and III all give equally acceptable reproducti
of the data.

FIG. 7. ~Color online! Differential cross section of exclusivev
meson photoproduction forW516.379 and 80 GeV. The data an
curves forW580 GeV are scaled by a factor of 1022.
07402
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We now plot the various ratiossL /sT ~these data were
not fitted! corresponding to Eqs.~26!,~27!,~28! @shown with
solid ~choice I!, dashed~choice II!, and dotted~choice III!
lines# in Figs. 17, 18, 19. The result shows, indeed, a ra
increase ofsL /sT with increasingQ2; however one can se
that our intermediate choice II is preferable to either I or
on this basis.

Let us examine the dependences obtained. We find
the data prefer

R~Q2→`!;S Q2

MV
2 D n1

, ~32!

FIG. 8. ~Color online! Differential cross section of exclusivew
meson photoproduction forW513.371 and 94 GeV. The data an
curves forW594 GeV are scaled by a factor of 1022.
TABLE II. Parameters obtained by fittingr0 virtual photoproduction data for choices I, II, III.

Choice I Choice II Choice III
N Parameter

1 c 1.266660.048 1.690060.167 3.328260.916

2 n1 1.835560.026 0.8459660.033 0.3245360.043

3 c1 2.325860.286 0.5546960.044 0.7846460.028

Fit, No. of points x2/DOF

r0(770), 283 1.47 1.53 1.56

Meson, No. of points x2 per point

1 r0, 283 1.45 1.51 1.54

2 v, 67 1.46~no fit! 1.46 ~no fit! 1.46 ~no fit!

3 w, 56 0.78~no fit! 0.79 ~no fit! 0.82 ~no fit!

2 J/c, 54 0.89~no fit! 0.92 ~no fit! 0.99 ~no fit!
3-8
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wheren1.2, 1, and 0.3 in choices I, II, and III. Our~prob-
ably oversimplified! estimates and the data show 0.3,n1

,1 ~see Fig. 17!; thus s;1/QN where NP(4,4.4) asN
5622n1 for choice II andN5522n1 for choice III. How-
ever, it is evident that new, more precise data onR are need.

FIG. 9. ~Color online! Elastic cross section of exclusiver0 vir-
tual photoproduction as a function ofW for different values ofQ2.

FIG. 10. ~Color online! Elastic cross section of exclusiver0

virtual photoproduction as a function ofQ2 for W575, 51, and 14
GeV. The data and curves forW551 and 14 GeV are scaled by th
factors 1022 and 1024.
07402
III. CONCLUSION

We have shown that minor changes in the soft dip
Pomeron model recently developed@2# for vector meson
photoproduction allow us to describe well the new ZEU
data@1# on the differential and integrated cross sections
gp→J/cp. Again, all available data on photoproduction

FIG. 11. ~Color online! Elastic cross section of exclusiver0

virtual photoproduction as a function ofW for variousQ2 in the
region of low and intermediateW.

FIG. 12. ~Color online! Elastic cross section of exclusiver0

virtual photoproduction as a function ofQ2 for W55.4 and 4.6
GeV. The data and curves forW54.6 GeV are scaled by a factor o
1022.
3-9
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other vector mesons atQ250 as well asQ25” 0 are well
reproduced.

The changes made do not affect the main properties of
model, such as~i! the Pomeron intercept, which is equal to
and~ii ! the hardness of the Pomeron, i.e., the fact that it
double pole in the complexj plane.

We take the kinematical limits directly into accou
through the variablez}cosut . The nonlinear Pomeron tra
jectory aP(t)511g(A4mp

2 2A4mp
2 2t) turns out to be

more suitable for the nonlinearity of the diffractive con

FIG. 13. ~Color online! Elastic cross section of exclusivev
virtual photoproduction as a function ofW for variousQ2.

FIG. 14. ~Color online! Elastic cross section of exclusivew
virtual photoproduction as a function ofW for variousQ2.
07402
e

a

shown by the new ZEUS data. This is not unexpected as
linear behavior of theP trajectory is hard to reconcile with
analyticity. We have also implemented the correct limits ot
integration. The last circumstance allows us to account
the threshold behavior of the cross sections.

The present model does not pretend to be valid in
high-Q2 region, although its interplay with perturbative QC
is extremely interesting, remaining however, due to
present state of the art at a rather speculative level. Con
dation of the two formalisms is still far from being com
pleted ~however, there are some attempts to investigate
problem; see, e.g.,@25,26#!.

FIG. 15. ~Color online! Elastic cross section of exclusiveJ/c
virtual photoproduction as a function ofW for variousQ2.

FIG. 16. ~Color online! Elastic cross section of exclusiveJ/c
virtual photoproduction as a function ofQ2 for W590 GeV.
3-10
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We would like to emphasize the following importa
points ~confirming the main findings of@2# and repeating
some of them!.

~1! The new ZEUS data@1# ~in contrast to the old ones!
quite definitely point toward nonlinearity of the Pomero
slope and trajectory.

~2! Our model describes the data also at low energies
to the kinematical shrinkage of the availablet region. This is
particularly important forJ/c production where the bulk o
the available data are not so far from its threshold.

FIG. 17. ~Color online! Ratio of sL /sT for exclusiver0 large
Q2 photoproduction.

FIG. 18. ~Color online! Ratio of sL /sT for exclusivew large
Q2 photoproduction.
07402
e

~3! Phenomenologically, we find that in the region
availableQ2 the ratiosL /sT;(Q2/MV

2)n1, where 0.3,n1

,1. The definite conclusion can be derived only with ne
precise data on the ratiosL /sT , especially for highQ2.

~4! Pomeron and secondary Reggeons appear as univ
objects in Regge theory@7#. The correspondingj singularities
of the gp amplitudes are universal. They do not depend
the properties of the external particles and, consequently
Q2 ~only residues or vertex functions may depend onQ2).
We believe that the unitarity restrictions on the Pomer
contribution obtained strictly for thehh case must hold also
for gh if it is universal.

~5! The growth with energy of hadronic total cross se
tions and the restriction on the Pomeron intercept@aP(0)
<1# implied by the Froissart-Martin bound@14# imply that
the Pomeron is a more complicated singularity than a sim
pole with aP(0)51. We have considered the simplest ca
when the Pomeron is a doublej pole leading tos(s)} ln s.
We have shown that one does not need a contribution w
a(0).1 ~hard Pomeron! violating unitarity in order to de-
scribe the exclusive photoproduction data in the present
gion of Q2 and t.

~6! The model predicts two effects that would be observ
at high energies: a flattening of theJ/c integrated cross sec
tion and a rise of thew cross section faster than thev one.
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FIG. 19. ~Color online! Ratio ofsL /sT for exclusiveJ/c large
Q2 photoproduction.
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