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Abstract. In this paper we discuss coherent photo- and leptoproduction of vector mesons from deuterons
at intermediate (virtual) photon energies, 3 ≤ ν ≤ 30GeV . We consider the scattering from unpolarized
and polarized targets as well as processes where the polarization of the recoil deuteron is measured.
Our main motivation results from the need for a quantitative analysis of the space-time structure of
photon-induced processes. In this respect we suggest several possibilities to explore the characteristic
longitudinal interaction length in coherent vector meson production. Furthermore, we outline methods for
an investigation of color coherence effects. Besides the presentation of benchmark values for the maximal
possible color coherence effect in various kinematic regions, we illustrate the anticipated phenomena within
the color diffusion model. Finally we recall that the determination of vector meson-nucleon cross sections
is not a closed issue. Besides being not known to a satisfying accuracy, they can be used to determine the
strength of the D-state in low mass vector mesons.

PACS. 12.40.Vv Vector-meson dominance – 25.30.Rw Electroproduction reactions

1 Introduction

Exclusive vector meson production from nucleons and nu-
clei can be used to investigate the transition from non-
perturbative to perturbative strong interaction mecha-
nisms. To identify different kinematic domains we consider
the scattering of a (virtual) photon with four-momentum
qµ = (ν, q) from a nucleon in the laboratory frame where
the target is at rest. (Q2 = −q2, M stands for the in-
variant mass of the nucleon target, and x = Q2/2Mν is
the Bjorken scaling variable.) At ν ≥ 3GeV and x ≤ 0.1
one can decompose the amplitude for the production of a
vector meson V in terms of hadronic Fock states of the
(virtual) photon (see e.g. [1,2]):

fγ
∗N→V N =

∑
h

< 0|εγ∗ · Jem|h > dτh
Eh − ν

fhN→V N . (1)

Here εγ∗ is the polarization vector of the virtual photon,
and Jem denotes the electromagnetic current. Eh stands
for the energy of the intermediate hadronic state h with
phase space dτh.

At intermediate photon energies 3 ≤ ν ≤ 30GeV and
low momentum transfers Q2<∼ 1 GeV 2 contributions to
fγ
∗N→V N from hadronic Fock states with large invari-

ant mass mh are suppressed by large energy denomina-
tors Eh − ν ≈ (m2

h +Q2)/(2ν) (and small photon-hadron

couplings). The restriction to light intermediate hadronic
states leads to vector meson dominance (VMD). Here,
as seen from the laboratory frame, the vector meson is
formed prior to the interaction with the target (see e.g.
[1,3]).

This is different at large momentum transfers Q2 À
1 GeV 2 and x ¿ 0.1. Here it is legitimate to use clo-
sure over intermediate hadronic states h and substitute
the sum over hadronic states in (1) by quark-gluon Fock
states which can be calculated in the framework of per-
turbative QCD. For example, in the case of longitudinally
polarized photons short distance dominance leads at large
Q2 to the production of color-dipole quark-antiquark pairs
with small transverse size [4–7]. Long after this initial
hard interaction the final state vector meson is formed.

Interesting details about the production process can
be obtained by embedding it into nuclei. Here details
about the initially produced quark-gluon wave packet and
the formation of the finally measured vector meson are
probed via the interaction with spectator nucleons (for
recent reviews see e.g. [8]). In this context we discuss
coherent photo- and leptoproduction of vector mesons
from deuterons at photon energies 3 ≤ ν ≤ 30GeV and
0 ≤ Q2 ≤ 10GeV 2. In this kinematic regime one is most
sensitive to the transition from non-perturbative to per-
turbative production mechanisms. The corresponding am-
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plitudes can be split into two pieces: a single scattering
term in which only one nucleon participates in the in-
teraction, and a double scattering contribution. Here the
photon interacts with one of the nucleons inside the tar-
get and produces an intermediate hadronic state which
subsequently re-scatters from the second nucleon before
forming the final state vector meson.

In the considered process the following scales seem
to be most relevant: the average transverse size of the
wave packet which for the case of longitudinal photons
is bej ≈ 4 . . . 5/Q for the contribution of the minimal
Fock space component at Q2>∼ 5GeV 2 [5]. For these Q2 it
amounts to less than a third of the typical diameter of a ρ
meson (bρ ≈ 1.4 fm). Furthermore, the initially produced
small quark-gluon wave packet does not, in general, repre-
sent an eigenstate of the strong interaction Hamiltonian.
The finally measured vector meson is formed after a typi-
cal formation time τf ≈ 2ν/δm2

V . Here δm2
V ∼ 1GeV 2

is the characteristic difference of the squared masses of
low-lying vector meson states. For energies ν ' 10GeV
one finds τf ' 4 fm. Therefore in the considered kine-
matic region details about the expansion of the initially
produced wave packet are expected to significantly influ-
ence the production of vector mesons from nuclei. The
kinematic dependence of the initial transverse size of the
produced wave packet and the formation time of the final
vector meson suggest that contributions from re-scattering
processes decrease at large photon energies with rising Q2.
This phenomenon is commonly called color coherence or
color transparency [8].

However dominant contributions to high-energy,
photon-induced processes result from large longitudinal
space-time intervals which increase with the photon en-
ergy [1,9,10]. In the considered kinematic domain the
characteristic longitudinal interaction length λ ≈
2ν/(m2

V +Q2) turns out to be of the order of typical nu-
clear dimensions and can have a major influence on the
scattering process. A systematic investigation of the role
of the longitudinal interaction length is most important,
even for a qualitative understanding of photon-induced
processes.

In a previous publication [11] we have focussed mainly
on the derivation of vector meson production amplitudes.
In this paper we collect several possibilities which can be
used for a detailed investigation of the space-time struc-
ture of vector meson production. Furthermore, we illus-
trate the anticipated color coherence effect in the frame-
work of the quantum diffusion model [12]. Finally we re-
call that the determination of vector meson-nucleon cross
sections is not a closed issue. Despite many experimental
studies they are not known to a satisfying accuracy. Fur-
thermore, we point out that for polarized vector mesons
they can be used to determine the strength of the D-state
component in low mass vector mesons.

This paper is organized as follows: we recall in Sect. 2
the photon-deuteron scattering amplitude. In Sect. 3 we
discuss various possibilities for an investigation of the lon-
gitudinal interaction length in coherent vector meson pro-
duction. Different signatures for color coherence are ex-

plored in Sect. 4. In Sect. 5 we comment on measurements
of vector meson-nucleon cross sections. Finally we summa-
rize.

2 Photon-deuteron scattering amplitude

Let us briefly recall the vector meson production am-
plitude for a deuteron target. Throughout this work we
stay in the laboratory frame where the deuteron with
invariant mass Md is at rest. Furthermore, we choose
the photon momentum in the longitudinal direction, i.e.
qµ = (ν,0⊥,

√
Q2 + ν2). The single scattering, or Born

amplitude reads [11]:

F j1 = fγ
∗p→V p(l)Sjd

(
− l⊥

2
,
l

2

)
+ fγ

∗n→V n(l)Sjd

(
l⊥
2
,− l

2

)
. (2)

It is determined by the vector meson production ampli-
tude fγ

∗p(n)→V p(n) from a proton or neutron, respectively,
and the deuteron form factor Sjd, where j labels the de-
pendence on the target polarization. The transfered mo-
mentum is denoted by lµ = (l0, l) = qµ − kµV with kV , the
momentum of the produced vector meson. Note that (2)
corresponds to the well known result of [19,20] derived
in the eikonal approximation, except for the presence of
l = l0 − lz =

√
M2
d + l2 − Md − lz in the form factor

which accounts for the recoil of the two-nucleon system
(for a derivation see [11]).

In the eikonal approximation the dominant contribu-
tion to the double scattering amplitude is given by [11]:

F j2 ≈
i

2

∑
h

∫
d2k⊥
(2π)2

Sjd(k⊥,−∆h)

× fγ∗N→hN
(
l⊥
2
− k⊥

)
fhN→V N

(
l⊥
2

+ k⊥

)
.(3)

Here ∆h = (Q2 + 2m2
h −m2

V + t)/(4ν), with the invariant
mass mh of the intermediate hadronic state, and t = l2. In
(3) we have neglected any isospin dependence of nucleon
amplitudes.

The differential cross section for coherent vector me-
son production in (virtual) photon-deuteron interactions
finally reads:

dσj
γ(∗)N

dt
=

1
16π

(
|F j1 |2 + 2Re

(
F j∗1 F j2

)
+ |F j2 |2

)
. (4)

We have not yet specified the polarization of the in-
cident photon. Contrary to real photoproduction, where
only transversely polarized photons (γT ) enter, in lepto-
production also contributions from the exchange of lon-
gitudinal photons (γL) arise. The leptoproduction cross
section can therefore be split according to:

dσjlN
dQ2dνdt

= ΓV
dσjγ∗N
dt

= ΓV

(
dσjγ∗

T
N

dt
+ ε

dσjγ∗
L
N

dt

)
. (5)
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Here ΓV is related to the flux of the virtual photon:

ΓV =
αem
2π

K

Q2

1
E2
e

1
1− ε , (6)

where αem = 1/137 is the electromagnetic coupling con-
stant and K = ν(1 − x). The parameter ε = (4EeE′e −
Q2)/(2(E2

e +E′2e ) +Q2) specifies the photon polarization
and is determined by the incoming and scattered lepton
energies Ee and E′e.

In the following we investigate the differential cross
section dσj

γ(∗)N
/dt for various target polarizations j. For

this purpose we have to specify the nucleon amplitudes
which enter in (2,3). In this respect we should mention
that we assume s-channel helicity conservation throughout
this work.

2.1 Vector meson dominance

In the kinematic domain of vector meson dominance
(Q2<∼ 1GeV 2 and ν ≥ 3GeV ) the vector meson pro-
duction amplitude for transverse photons is successfully
parametrized as [3]:

fγ
∗
TN→V N ≈

√
αemπ

gV

m2
V

m2
V +Q2

fVTN→V N . (7)

Here Vµ (V = ρ, ω, φ) stands for a vector meson
with invariant mass mV and coupling constant gV , and
fVTN→V N denotes the amplitude for the elastic scattering
of a transversely polarized vector meson from a nucleon.
The amplitude for longitudinal photons is given by:

fγ
∗
LN→V N = ξ

√
Q2

mV
fγ
∗
TN→V N , (8)

where ξ = fVLN→V N/fVTN→V N is the ratio of the lon-
gitudinal and transverse vector meson scattering ampli-
tudes.

It remains to fix the amplitude fγ
∗
TN→V N . We illus-

trate most of the discussed issues for the case of ρ produc-
tion and use the parametrization:

fγ
∗
TN→ρN = A(i+ α)e

B(Q2)
2 t, (9)

with A = σVTN
√
αemπm

2
V /((m

2
V + Q2)gV ). In real pho-

toproduction of ρ mesons one finds at ν = 17GeV typ-
ically A ≈ 68µb [3]. For the slope B(Q2) we use the
empirical values [3,21]: B(Q2 < 1GeV 2) = 7GeV −2,
B(1 < Q2 < 2GeV 2) = 6GeV −2, and B(2 < Q2 <
10GeV 2) = 5GeV −2. The ρ-nucleon amplitude is then
obtained from Eq.(7) using the slope B ≈ 8 GeV −2. Fur-
thermore we take ξ2 = 0.5 [3]. The real part of the am-
plitude in (9) can be estimated at high energies through
an empirical relation between the amplitudes for ρ photo-
production and elastic pion-nucleon scattering:

fγp→ρp ∼ fπ+p→π+p + fπ
−p→π−p. (10)

From a compilation of π-proton scattering data at the
considered energies one obtains α ≈ −0.2 [13]. This cor-
responds to a decrease of the ρ-proton cross section with
rising center of mass energies (see e.g. [14]) as described
by contributions from secondary Regge trajectories. Note
that the situation is different for φ production. In the
considered kinematic region the corresponding production
cross section increases with the center of mass energy s.
From the Gribov relation [15],

Ref(s, t = 0) =
π

2
d Imf(s, t = 0)

d log s
, (11)

one finds α = 0.13. In the following we neglect any t-
dependence of α.

It should be mentioned that Regge trajectories which
correspond to isospin exchange are not important for
isoscalar targets as the deuteron. In the Born approxi-
mation such contributions vanish exactly.

2.2 Quantum diffusion

To illustrate the anticipated implications of color coher-
ence in vector meson production at large Q2 À 1GeV 2

we employ the quantum diffusion model [12]. It describes
in a simplified manner the evolution and re-scattering of a
quark-gluon wave packet which is produced in the initial
(virtual) photon-nucleon interaction. For ρ production the
corresponding re-scattering amplitude is given by [22]:

fej(z, t, Q2) = iσej(z,Q2) (12)

× exp

{
B

2
t+

b2ρ
6

(
σej(z,Q2)
σρN

− 1
)
t

}
.

The interaction cross section of the quark-gluon wave
packet at a longitudinal distance z from its initial pro-
duction point is [12]:

σej(z,Q2) = σρN

{(
z

τf
+
b2ej(Q

2)
b2ρ

(
1− z

τf

))

×Θ(τf − z) +Θ(z − τf )
}
. (13)

As already discussed in the introduction, σej is determined
by the transverse size of the initially produced ejectile,
bej(Q2) ∼ 1/Q, and the characteristic formation time τf of
the vector meson. For distances larger than τf it coincides
with the ρ meson-nucleon cross section σρN ≈ 27mb [3].

Another class of models describes the production of
vector mesons within a hadronic basis including nondiag-
onal transitions between different intermediate hadronic
states (see e.g. [16–18]). Here re-scattering is controlled
by the destructive interference between diagonal (elastic)
and nondiagonal (diffractive dissociation) transitions in
meson-nucleon scattering processes. For the production of
ground state vector mesons the results of such models are
qualitatively similar to the considered quantum diffusion
picture.
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3 Probing the longitudinal interaction length

High energy photon-induced processes are dominated by
contributions from large longitudinal space-time intervals.
For coherent vector meson production characteristic dis-
tances can be extracted from the production amplitudes in
(2,3) after a Fourier transformation into coordinate space.
The obtained length scales are to a good approximation in-
versely proportional to the longitudinal momentum trans-
fers which enter in the form factors in (2,3). For single
scattering one finds:

δ1 ∼
∣∣∣∣ 1
l−

∣∣∣∣ =
2ν

Q2 +m2
V − t

. (14)

Note, if the deuteron recoil is neglected one obtains δ1 ∼
|1/lz| = 2ν/(Q2 + m2

V − t − νt/2M), which becomes
constant at high energies. This, however, is in contradic-
tion with our basic understanding of high-energy photon-
induced processes being controlled by longitudinal dis-
tances which increase with the photon energy ν [1,9,10,
23].

For double scattering we obtain from (3):

δ2 ∼
∣∣∣∣ 1
−2∆V

∣∣∣∣ =
∣∣∣∣ 2ν
Q2 + 2〈m2

h〉 −m2
V + t

∣∣∣∣ , (15)

where 〈m2
h〉 stands for the average squared mass of the

intermediate hadronic states.
In the following we discuss several possibilities for a

detailed investigation of the characteristic longitudinal in-
teraction length in vector meson production. For this pur-
pose one has to concentrate on kinematic regions where
distances of the order of the target size, δ1, δ2 ∼ 〈r2〉1/2d ,
are reached. Up to now investigations of this kind have
not been carried out, although the presence of signifi-
cant nuclear effects due to a non-vanishing longitudinal
interaction length has been observed in shadowing effects
in total photon-nucleus scattering cross sections (see e.g.
[24]). In particular we want to emphasize that the non-
trivial t-dependence of the longitudinal interaction length
in (14,15), which has been derived in [11], needs to be
verified to complete our understanding of photon-induced
processes.

3.1 Photoproduction from unpolarized deuterons

At moderate photon energies ν >∼ 3GeV , as available at
TJNAF, the longitudinal interaction distance for single
scattering (14) is for small values of the momentum trans-
fer t typically of the order of the deuteron size. For exam-
ple at ν = 4GeV and t = −0.2GeV 2 one finds δ1 ≈ 2 fm.
Consequently in this kinematic region, which is governed
by the Born contribution, a strong dependence of the pro-
duction cross section on ν is expected. To illustrate this
issue consider the ρ meson photoproduction cross section
(4) calculated within vector meson dominance. It is im-
portant to use proper longitudinal interaction distances
(14, 15) as they appear in the scattering amplitude (2,3).
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Fig. 1. The cross section ratio Rδ from (16) for a photopro-
duction for various values of ν. Rδ for b leptoproduction for
various values of Q2

We normalize our results by the production cross section
obtained in the limit δ1, δ2 →∞. The corresponding ratio

Rδ =
dσγN
dt

/
dσγN
dt

(l− = ∆ρ = 0). (16)

is shown in Fig. 1a for various photon energies. At t '
−0.1GeV 2 we indeed observe a 15% rise of Rδ for an in-
crease of the photon energy from 3 to 6GeV . At large
−t > 0.7GeV 2, where double scattering dominates, only
minor variations of the production cross section occur.
This is due to the fact that the corresponding interac-
tion length is larger than for single scattering. Thus the
difference in the t-dependence of the longitudinal interac-
tion length for single and double scattering reveals itself
through a different pattern in the energy dependence of
the production cross section at small and large |t|. For
other low-mass vector mesons similar effects are expected.

3.2 Polarized deuterons

The coherent photoproduction of vector mesons from po-
larized deuterons or, equivalently, a measurement of the
polarization of the recoil deuteron provides further possi-
bilities to investigate effects due to a change of the charac-
teristic longitudinal interaction length. If the polarization
of the scattered or recoil deuteron, respectively, is chosen
parallel to the photon momentum q one finds for the single
scattering cross section:

dσ
‖
γN

dt

∣∣∣∣∣
Born

∼
(
FC(l̃/2)− FQ(l̃/2)√

2

)2

(17)

+
3l2−
2l̃2

FQ(l̃/2)
(

2
√

2FC(l̃/2) + FQ(l̃/2)
)
,

where l̃2 = l2⊥+l2−. FC and FQ are the deuteron monopole
and quadrupole form factors [25]. The first term in (17)
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Fig. 2. The differential cross section dσ
‖
γN/dt for the photo-

production of ρ mesons off deuterons polarized parallel to the
photon momentum. The solid curves show results from vector
meson dominance using proper longitudinal interaction lengths
(14,15). The dashed lines correspond to a longitudinal interac-
tion length δ1 ∼ |1/lz| instead of δ1 ∼ |1/l−|. In both cases the
cross sections decrease for increasing photon energies

vanishes at l̃ ≈ 0.7GeV , while the second, which is pro-
portional to l2− ∼ 1/δ2

1 , decreases for increasing photon en-
ergies. As a consequence the Born contribution to the pro-
duction cross section develops a node at t ≈ −0.5GeV 2.
Therefore in this kinematic region a strong energy depen-
dence of the production cross section is expected. Note
that the energy dependence of the second term in (17)
is a consequence of the particular choice of the deuteron
polarization being parallel to the photon momentum.

In Fig. 2 we show the differential ρ meson photopro-
duction cross section calculated within vector meson dom-
inance for various photon energies. The significant energy
dependence of the Born contribution at t ≈ −0.5GeV 2

leads to a decrease of the full production cross section at
t ≈ −0.35GeV 2 of more than two orders of magnitude,
if the photon energy rises from ν = 3 to 20GeV . In pre-
vious treatments of photoproduction processes at small t
the longitudinal interaction length was taken to be pro-
portional to the inverse momentum transfer δ1 ∼ |1/lz| ne-
glecting any t-dependence [3]. Within this approximation
the above discussed node in the differential cross section
would be absent, even at large photon energies. Therefore
polarized deuteron targets or, equivalently, a measurement
of the polarization of the recoil deuteron allow a detailed
investigation of the kinematic dependence of the longitu-
dinal interaction length.

3.3 Leptoproduction from unpolarized deuterons

In high-energy leptoproduction processes the longitudi-
nal interaction lengths δ1,2 (15,14) exhibit a characteristic

Q2-dependence. At moderate values of 0.5<∼Q2<∼ 2GeV 2,
as available at TJNAF, variations of δ1,2 of the order
of the target size are expected. Therefore a strong Q2-
dependence of vector meson production is anticipated. In
the framework of vector meson dominance this is visual-
ized in Fig. 1b. We show the cross section ratio Rδ from
(16) for various Q2 at a fixed photon energy ν = 6GeV .
Indeed we observe at t ≈ −0.1GeV 2 a decrease of Rδ by
approximately 50%, if Q2 rises from 0.5 to 2GeV 2.

Similar effects are expected at higher photon energies.
Then – to keep the typical longitudinal interaction length
close to the target size – larger values of Q2 are needed.
For example at HERMES energies, ν ≈ 25GeV , values of
Q2 ≈ (2− 10)GeV 2 are required. To avoid complications
due to color coherence effects one has to focus on the kine-
matic domain where the Born contribution dominates, i.e.
−t<∼ 0.4GeV 2.

4 Search for color coherence

In this section we focus on the possibility to study color
coherence effects in coherent vector meson production
from deuterons. For this purpose one needs to investi-
gate the Q2-dependence of the corresponding cross sec-
tion in kinematic regions where it is most sensitive to re-
scattering. However it is mandatory to account for pos-
sible modifications due to changes of the characteristic
longitudinal interaction lengths δ1 and δ2 from (14,15).
Or, even better, the kinematics should be chosen such
that these length scales stay reasonably constant. For
Q2 > 1GeV 2 > m2

V , |t| this can be achieved in an approx-
imate way by keeping the Bjorken scaling variable fixed. It
should be mentioned that in vector meson production the
onset of color coherence might occur already at moderate
values of Q2>∼ 1GeV 2. This expectation is based on the
observation that the vector current correlation function
assumes its perturbative form already at relatively large
distances [26]. Furthermore, large size fluctuations of the
minimal wave function of longitudinally polarized photons
are suppressed by a factor 1/Q2 as compared to the trans-
verse case (see e.g. [4]). Therefore color coherence effects
should arise earlier in the longitudinal channel.

We illustrate our investigations for the case of ρ me-
son production. The obtained results can be applied, how-
ever, to other vector mesons too. Differences in the onset
of color coherence for various vector mesons and their ex-
cited states are expected (see e.g. [12]). They should result
from differences in the mass scales which are involved in
the hard interaction, as well as from deviations between
the wave functions of the final state vector mesons. An ex-
perimental investigation of these issues is certainly needed.

4.1 Unpolarized deuteron targets

The maximal signal which can result from color coherence
is determined by the difference between the Born cross
section, which results from single scattering only, and the
full production cross section at Q2 ≈ 0. In Fig. 3 we show
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Fig. 3. The Q2-dependence of the cross section ratio Rct from
(18) for x = 0.1 and various values of t. The full line cor-
responds to vector meson dominance. The dashed curve re-
sults from the application of color diffusion to longitudinally
and transversely polarized photons. For the dot-dashed lines
color diffusion has been applied to longitudinal photons only.
In this case the photon polarization parameter has been fixed
at ε = 0.5

the ratio of the full ρ production cross section and the
Born term for various values of t at x = 0.1:

Rct =
(
dσγ∗N
dt

)/(
dσγ∗N
dt

)
Born

. (18)

We have applied the quantum diffusion model from
Sect. 2.2 using a characteristic formation time τf as de-
termined by the mass difference δm2

ρ ≈ 0.7GeV 2. Color
coherence effects are calculated for two different scenarios:
(i) color coherence applies to transversely and longitudi-
nally polarized photons equally; (ii) color coherence affects
only the longitudinal cross section but not the transverse
one. In the second case the cross section ratio is calculated
for a photon polarization (5) characterized by ε = 0.5.

At small values of t ' −0.1GeV 2 single scattering
dominates and color coherence effects are small. Double
scattering starts to become relevant already at moderate
t>∼−0.2GeV 2. Here the interference of the double and
single scattering amplitude is important. For real photo-
production it results in a cross section smaller than the
Born piece. Consequently here color coherence leads to
an increase of the cross section ratio Rct with rising Q2.
At large |t| coherent photoproduction of vector mesons is
dominated by double scattering. Therefore in this region
color coherence implies a decrease of Rct at large Q2. Note,
even if we omit color coherence effects for transversely po-
larized photons, the Q2-dependence of the virtual photo-
production cross section remains nearly unchanged.

The difference between the full cross section and the
Born piece can be enhanced if one considers the ratio of
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Fig. 4. The Q2-dependence of the cross section ratio for co-
herent ρ production from unpolarized deuterons for x = 0.1
taken at t = −0.8 and −0.4GeV 2. The solid line represents
the complete vector meson dominance calculation. The dashed
curve accounts for the Born contribution only. The shaded
area exhibits results from quantum diffusion (13). The char-
acteristic expansion time τf = 2ν/δm2

ρ has been varied via
δm2

ρ = (0.7− 1.1)GeV 2

cross sections at large and moderate |t|. Here any Q2-
dependence, apart from being caused by color coherence,
cancels to a large extent. In Fig. 4 we present the ratio of
the ρ meson production cross sections taken at x = 0.1 for
t = −0.4GeV 2 and t = −0.8GeV 2. The Born cross sec-
tion and the full vector meson dominance calculation differ
by a factor four, leaving reasonable room for an investiga-
tion of color coherence. We also present results obtained
from the quantum diffusion model, assuming similar color
coherence effects for longitudinal and transverse photons.
To emphasize the strong dependence of the measured cross
section ratio on the expansion mechanism of the initial
wave packet we vary δm2

ρ between 0.7 and 1.1GeV 2. The
observed sensitivity is due to the moderate photon ener-
gies considered. On the other hand variations of the initial
size of the wave packet do not change our results signifi-
cantly, e.g. a 30% rise in bej changes the cross section ratio
over the entire range of Q2 by less than 5%.

4.2 Polarized deuterons

At moderate values of |t| vector meson production from
unpolarized deuterons is largely dominated by the Born
contribution. If the polarization of the target, or alterna-
tively, of the scattered deuteron is fixed even here kine-
matic windows exist where the Born contribution is small
and the production cross section becomes sensitive to re-
scattering.
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Fig. 5. The cross section dσ⊥γ∗N/dt normalized to its value at

t = tmin for various values of Q2 and fixed x = 0.1. The solid
lines present the complete vector meson dominance calcula-
tion. Results from quantum diffusion are shown by the dashed
curves. At t ' −0.4GeV 2 both cross sections decrease with
rising values of Q2

A promising signature for color coherence can be ob-
tained by choosing the polarization of the target or the
scattered deuteron, respectively, perpendicular to the vec-
tor meson production plane, i.e. parallel to q× l. The cor-
responding Born cross section is then proportional to:

dσ⊥γ∗N
dt

∣∣∣∣∣
Born

∼
(
F 2
C(l̃/2)− 1√

2
FQ(l̃/2)

)2

, (19)

irrespective of the magnitude of the longitudinal momen-
tum transfer l−. Consequently a node in the Born con-
tribution occurs for l̃ = 0.7GeV , which corresponds at
large photon energies approximately to t ≈ −0.5GeV 2. In
Fig. 5 we show the t-dependence of the ρ production cross
section normalized to its value at t = tmin for various val-
ues of Q2 but fixed x = 0.1. We present results from vec-
tor meson dominance and quantum diffusion. With rising
Q2 one observes a considerable decrease of the production
cross section at −t>∼ 0.4, and a shift of the cross section
minimum towards the node in the single scattering cross
section at t ≈ −0.5GeV 2.

Finally we consider the cross section for tensor polar-
ization normalized by the unpolarized production cross
section:

Ad =
dσm=1/dt+ dσm=−1/dt− 2dσm=0/dt

dσ/dt
. (20)

We choose the spin quantization axis either perpendicular
to the vector meson production plane or parallel to the
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Fig. 6. The tensor polarization asymmetry Ad from (20) for
various values of Q2 and fixed x = 0.1. The spin quantization
axis has been chosen a either perpendicular to the vector meson
production plane or b parallel to the photon momentum. The
solid lines show the complete vector meson dominance calcu-
lation. The dotted curve represent the Born contributions. Re-
sults from quantum diffusion are shown by the dashed curves.
At −t > 0.4GeV 2 the curves to the right correspond to in-
creasing values of Q2

photon momentum. In comparison to the corresponding
asymmetry for the Born contribution we find a signifi-
cant sensitivity to double scattering at −t ≥ 0.6GeV 2 as
demonstrated in Fig. 6. Here color coherence leads to a
sign-change of Ad.

5 Vector meson-nucleon cross sections

We have illustrated above how coherent vector meson pro-
duction from deuterons can be used for a detailed inves-
tigation of color coherence effects. In a similar way it can
be employed at low Q2 to determine the interaction cross
sections of vector mesons. Their precise knowledge is rele-
vant for various topics in strong interaction physics, rang-
ing from the investigation of hadron production processes
to the analysis of nucleus-nucleus collisions. Despite a long
history of experimental studies (see e.g. [3,14]) ω-, φ-, and
ψ-nucleon cross sections are not known to satisfactory ac-
curacy. In particular we should mention that in the case
of ψ-mesons and probably to some extend also φ mesons
their extraction from photoproduction processes off nucle-
ons in the framework of vector meson dominance is likely
to give too small values (for an early discussion see e.g.
[27]).
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Fig. 7. a The t-dependence of the φ photoproduction cross
section dσ⊥γN/dt normalized to its value at t = tmin for different
values of the φ-nucleon cross section σφN = 15 (full) and 10mb
(dashed). The photon energy is fixed at ν = 6GeV . In b the
ratio of both cross sections is shown

This situation can be improved through an inves-
tigation of coherent vector meson production at low
Q2<∼ 0.5GeV 2 in kinematic regions dominated by dou-
ble scattering processes which have been discussed in the
previous section. While unpolarized targets require a large
momentum transfer, polarized targets allow such investi-
gations already at moderate t (see Sect. 4.2). For illustra-
tion we discuss φ meson production. In Fig. 7 we show
the polarized photoproduction cross section σ⊥γN/dt nor-
malized to its value at t = tmin for two different φ-nucleon
interaction cross sections σφN = 10 and 15mb. The pho-
ton energy is fixed at 6GeV . At t ' −0.45GeV 2, where
double scattering is important, we observe a significant
sensitivity on σφN . Here both production cross sections
differ approximately by one order of magnitude.

Finally let us mention that vector meson-nucleon cross
sections for polarized vector mesons carry interesting in-
formation too. In the framework of quark models mesons
are considered as bound states of a quark and antiquark
(see e.g. [28]). Since vector mesons carry spin 1, the qq̄
pair can be in a S- or D-state. The latter, however, is
of asymmetric shape. In leptoproduction a smaller than
average configuration of the vector meson wave function
is selected due to the involved mass difference. If the
probed wave function component contains a significant
D-state contribution, a difference in the re-scattering pro-
cess for longitudinally and transversely polarized vector
mesons is expected. Thus polarized leptoproduction of
vector mesons at low Q2<∼ 0.5GeV 2 can give interesting
information about the strength of the corresponding D-
state component.

6 Summary

The space-time structure of exclusive production pro-
cesses contains valuable information on the transition
from non-perturbative to perturbative strong interaction
mechanisms. Especially the use of nuclear targets is of ad-
vantage since here the production process is probed at a
typical length scale of around 2 fm, as given by the aver-
age nucleon-nucleon distance.

We have outlined several possibilities to investigate the
characteristic longitudinal interaction length of photon-
induced processes. Such a study has never been performed
on a quantitative level. In this context we have stressed
in particular the non-trivial dependence of the longitudi-
nal interaction length on the momentum transfer t. This
genuine new effect could be explored in great detail at
TJNAF – especially with polarized targets or deuteron
polarimeters (e.g. at TJNAF Hall C).

Furthermore, we have explored possibilities to inves-
tigate color coherence effects. Promising signatures have
been presented at moderate and large momentum trans-
fers. We have illustrated the anticipated color coherence
effects within the color diffusion model. At the considered
energies a large sensitivity to details on the formation of
the final vector meson has been observed.

Finally we recall that the determination of vector
meson-nucleon cross sections is not a closed issue. Besides
being not known to a satisfying accuracy, they can be
used to determine the strength of the D-state in low mass
vector meson states.
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