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Abstract. We analyze electroproduction of light vector mesons (V = ρ, φ and ω) at small Bjorken-x in the
handbagapproach, inwhich theprocess factorizes into general partondistributions andpartonic subprocesses.
The latter are calculated in themodified perturbative approach in which the transverse momenta of the quark
and antiquark forming the vectormeson are retained and Sudakov suppression is taken into account.Modeling
the generalized parton distributions through double distributions and using simple Gaussian wavefunctions
for the vector mesons, we compute the longitudinal cross sections at large photon virtualities. The results are
in fair agreement with the findings of recent experiments performed at HERA andHERMES.

1 Introduction

Recently we analyzed light vector meson electroproduction
in the generalized Bjorken regime [1]. That study is based
on QCD factorization [2, 3] of the process γ∗p→ V p into
hard parton-level subprocesses – meson electroproduction
off partons – and soft proton matrix elements represent-
ing generalized parton distributions (GPDs). The subpro-
cesses themselves factorize into hard quark–antiquark pair
production off partons – amenable to perturbation the-
ory – and soft qq̄ transitions to the vector mesons. It has
been shown [2, 3] that, in this so-called handbag approach,
meson electroproduction is dominated by transitions from
longitudinally polarized virtual photons to vector mesons
polarized alike. Other transitions are suppressed by in-
verse powers of the virtuality of the photon, Q2. In [1] we
examined the kinematical region accessible to the HERA
experiments, which is characterized by high energies and
very small values of Bjorken’s variable, xBj (� 10−2). In
this region vector meson electroproduction is under control
of the gluonic GPDs and the associated gluonic subpro-
cess γ∗g→ V g; the quark GPDs play only a minor role.
In the present work we are going to extend our previous
analysis [1] to lower energies and to values of xBj up to
about 0.2. This extension necessitates the inclusion of sea
and valence quark GPDs into the analysis as well as the
associated subprocess γ∗q→ V q. As it turns out from our
analysis, even in the kinematical region accessible to the
HERMES experiment the gluonic GPD provides substan-
tial contributions to vector meson electroproduction. This
observation is in conflict with results from a previous at-
tempt [4, 5], in which only the quark contributions have
been calculated within the handbag approach, while the
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gluonic one has been estimated from the leading-log ap-
proximation [6] (in which the gluon GPD is approximated
by the usual gluon distribution) and added to the quark
contribution incoherently. On the other hand, in the recent
leading-twist handbag analysis of meson electroproduction
performed by Diehl et al. [7, 8] a relative strength of gluon
and quark contributions has been found that is very similar
to our result. It is to be stressed, however, that the hand-
bag approach to leading-twist order grossly overestimates
the longitudinal cross section in the kinematical region ac-
cessible to current experiments.
In this study we will restrict ourselves to the analysis

of the longitudinal cross section, the most important and
least model-dependent observable of vector meson electro-
production. In Sect. 2 we will briefly recapitulate the hand-
bag approach. In some detail we will only discuss the for-
mation of the vector meson from a quark–antiquark pair.
In order to cure the mentioned deficiencies of the leading-
twist mechanism we will employ the so-called modified
perturbative approach [9], in which the quark transverse
degrees of freedom are retained and Sudakov suppression
is taken into account. In Sect. 3 we construct the GPDs re-
quired in the factorization formula from a reggeized ansatz
for the double distribution [11]. How we fix the parameters
that specify the GPDs will be described in Sect. 4, where
also numerical results for the model GPDs are presented.
The comparison of our results for the longitudinal cross
sections with experiment is left to Sect. 5. Our summary is
presented in Sect. 6.

2 The handbag amplitude

We are interested in the process γ∗p→ V p for longitu-
dinally polarized photons (γ∗L) and vector mesons (VL).
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Fig. 1. Typical lowest order Feynman graphs for the two sub-
processes of meson electroproduction

This process can be extracted from the electroproduction
of vector mesons by exploiting the familiar one-photon ex-
change approximation.We work in a photon–proton center
of mass system (c.m.s.), in a kinematical situation in which
the c.m.s. energy,W , as well as the virtuality of the photon
are large, while Bjorken’s variable,

xBj =
Q2

W 2+Q2−m2
, (1)

is small (xBj � 0.2). The masses of the nucleon and the
meson are denoted by m and mV , respectively. The Man-
delstam variable t is assumed to be much smaller than Q2.
The proton has a rich structure. For the dominant parton
helicity non-flip configurations in the subprocess there are
four GPDs1 for each type of partons, named H, ˜H, E and
˜E. As discussed in detail in [1] for unpolarized protons and
small xBj, respectively small skewness,

2 we have

ξ �
xBj

2−xBj

[

1+m2V /Q
2
]

. (2)

Only the GPD H is to be taken into consideration; the
three other ones do not contribute ( ˜H, ˜E) or can be neg-
lected (E). Two subprocesses contribute to meson electro-
production, namely γ∗g→ V g and γ∗q→ V q (see Fig. 1).
This prompts us to decompose the γ∗Lp→ VLp amplitude
accordingly:

MV = M
g
V +M

q
V . (3)

The amplitude is normalized such that the partial cross
section for longitudinally polarized photons reads (Λ is the
usual Mandelstam function)

dσL
dt
=

1

16π(W 2−m2)
√

Λ(W 2,−Q2,m2)
|MV |

2 .

(4)

Strictly speaking this cross section also receives contri-
butions from the amplitudes for transitions from longitu-
dinally polarized photons to transversally polarized vec-
tor mesons. However, as the analysis of the spin dens-
ity matrix elements of the vector mesons reveal, see for

1 Parton helicity flip configurations provide four more
GPDs [12]. Their neglect is vindicated by the properties of
the subprocess amplitudes, which provide factors of either
−t/Q2 for the gluonic subprocess or

√
−t/Q for the quark

one [1, 13, 14]. The latter process is further suppressed by
a twist-3 meson wavefunction.
2 In (2) also terms ∝ x2Bjm

2/Q2 and ∝ xBjt/Q
2 occur that

can safely be neglected in the kinematical region of interest.

instance [15–17] or [1], this amplitude is very small and is
neglected by us. The power corrections of kinematical ori-
gin given in (2) and in the phase space factor (4) are taken
into account by us. With the exception of these kinematical
effects the hadron masses are omitted.
The gluonic contribution to the amplitude reads

Mg
V = e

∑

a

eaC
a
V

∫ 1

0

dx̄HgV (x̄, ξ,Q
2, t= 0)Hg(x̄, ξ, t) ,

(5)

while the quark one is

Mq
V = e

∑

a

eaC
a
V

∫ 1

−1
dx̄HqV (x̄, ξ,Q

2, t= 0)Ha(x̄, ξ, t) .

(6)

The sum runs over the quark flavors a, and the ea denote
the quark charges in units of the positron charge e. The
non-zero flavor weight factors, CaV , read

Cuρ = −C
d
ρ = C

u
ω = C

d
ω = 1/

√
2 , Csφ = 1 . (7)

Only the t dependence of the GPDs is taken into account
in the amplitudes (5) and (6). That of the subprocess am-
plitudes, H, provides corrections of order t/Q2, which we
neglect throughout this paper. In contrast to the subpro-
cess amplitudes the t dependence of the GPDs is scaled by
a soft parameter, actually by the slope of the diffraction
peak. The full subprocess amplitude, given for instance
in [13, 14], indicates a breakdown of the collinear factoriza-
tion to order t/Q2. There is a minimal value of −t allowed
in the process of interest,

tmin = −4m
2 ξ

2

1− ξ2
. (8)

Like other effects of order ξ2 (e.g. the GPD E), the tmin
effect is neglected.
Let us now turn to the discussion of the subprocess am-

plitudes. As is well known, for the kinematics accessible
to current experiments the leading-twist contribution, in
which the partons are emitted and reabsorbed by the pro-
tons collinearly and the meson is generated by one-gluon
exchange in collinear approximation, does not suffice; see
e.g. [1, 7, 8]. The longitudinal cross section σL, i.e. the inte-
grated differential cross section (4), calculated to leading-
twist order, is well above experiment although with the
tendency of approaching experiment with increasing Q2.
In Sect. 5 we will return to this issue and present more de-
tails on it. Another indication of the failure of the leading-
twist order is the smallness of R, the famous ratio of the
longitudinal and transversal cross sections.
As is well known from extensive studies of the elec-

tromagnetic form factors at large momentum transfer,
leading-twist calculations are instable in the end-point re-
gions, since the contributions from large transverse separa-
tions, b, of the quark and antiquark forming the meson are
not sufficiently suppressed. In order to eliminate that de-
fect the so-called modified perturbative approach has been
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Fig. 2. Illustration of gluonic radiative corrections in axial
gauge

invented [9], in which the quark transverse degrees of free-
dom are retained and the accompanying gluon radiation
is taken into account. Thus, for the quarks and antiquarks
entering the meson, one allows for transverse quark mo-
menta, k⊥, with respect to the meson’s momentum. In
addition, as suggested in [18, 19], one also makes allowance
for a meson light-cone wavefunction ΨV (τ, k⊥), where τ
is the fraction of the light-cone plus component of the
meson’s momentum that the quark carries; the antiquark
carries the fraction τ̄ = 1− τ . In [9] the gluon radiation
has been calculated in the next-to-leading-log (NLL) ap-
proximation using resummation techniques and having re-
course to the renormalization group. The quark–antiquark
separation b in configuration space acts as an infrared
cut-off parameter. Radiative gluons with wavelengths be-
tween the infrared cut-off and an upper limit (related to
the hard scale Q2) yield suppression; softer gluons are part
of the meson wavefunction, while harder ones are an ex-
plicit part of the subprocess amplitude. Congruously, the
factorization scale is given by the quark–antiquark separa-
tion, µF = 1/b, in the modified perturbative approach. In
axial gauge the Sudakov factor can be regarded as a mod-
ification of the meson’s wavefunction [9] in a fashion that is
depicted in Fig. 2.
In this work we are going to employ the modified per-

turbative approach too. In contrast to [4, 5], we still con-
sider the partons entering the subprocess as being emitted
and reabsorbed by the proton collinearly. This supposition
relies on the fact that all Fock states of the proton con-
tribute to the GPDs. Hence, the r.m.s. k⊥ of the partons
inside the proton reflects the charge radius of the proton
(i.e. 〈k2⊥〉

1/2 � 200MeV). Only a mild k⊥ dependence of
the GPDs is therefore to be expected. This is to be con-
trasted with the situation for the meson, in which the hard
process only feeds its valence Fock state. The compactness
of the latter entails much larger values of k⊥. The modi-
fied perturbative approach applied to the subprocess is to
some extent similar to the mechanism proposed in [20] for
the suppression of the gluon contribution to meson electro-
production in the leading ln(1/xBj) approximation [6].
Since the resummation of the logs involved in the Su-

dakov factor can only efficiently be performed in the impact
parameter space [9]wehave toFourier transformthe lowest-
order subprocess amplitudes to that space and to multiply
them there with the Sudakov factor. This leads to (i= g, q)

HiV =

∫

dτd2bΨ̂V (τ,−b)F̂
i
V (x̄, ξ, τ,Q

2,b)αs(µR)

× exp [−S(τ,b, Q2)] . (9)

The two-dimensional Fourier transformation between the
canonical conjugated b and k⊥ spaces is defined by

f̂(b) =
1

(2π)2

∫

d2k⊥ exp [−ik⊥ ·b]f(k⊥) . (10)

The Sudakov exponent S in (9) is given by [9]

S(τ, b,Q) = s(τ, b,Q)+ s(τ̄ , b, Q)−
4

β0
ln
ln (µR/ΛQCD)

b̂
,

(11)

where a Sudakov function s occurs for each quark line en-
tering the meson, and where the abbreviation

b̂=− ln (bΛQCD) (12)

is used. The last term in (11) arises from the application of
the renormalization group equation (β0 = 11−

2
3nf , where

nf is the number of active flavors). A value of 220MeV for
ΛQCD is used here and in the evaluation of αs from the
one-loop expression. The renormalization scale µR is taken
to be the largest mass scale appearing in the hard scat-
tering amplitude, i.e. µR =max (τQ, τ̄Q, 1/b). This choice
avoids large logs from higher-order pQCD. Since the bulk
of the handbag contribution to the amplitudes is accumu-
lated in regions where µR is smaller than 3 GeV, we have
to deal with three active flavors, i.e. we take nf = 3. For
small b there is no suppression from the Sudakov factor; as
b increases the Sudakov factor decreases, reaching zero at
b= 1/ΛQCD. For even larger b the Sudakov is set to zero.

3

The Sudakov function s reads

s(τ, b,Q) =
8

3β0

(

q̂ ln

(

q̂

b̂

)

− q̂+ b̂

)

+NLL-terms ,

(13)

where

q̂ = ln
(

τQ/(
√
2ΛQCD)

)

. (14)

Actually we do not use the version of the NLL terms quoted
in [9] but rather the one given in [21]. The latter one in-
cludes some minor corrections, which are hardly relevant
numerically. Due to the properties of the Sudakov factor
any contribution to the amplitudes is damped asymptoti-
cally, i.e. for ln(Q2/Λ2QCD)→∞, except those from config-
urations with small quark–antiquark separations.
The hard scattering kernels F iV or their Fourier trans-

forms F̂ iV occurring in (9) are computed from the pertinent
Feynman graphs; see Fig. 1. The result for the gluon sub-
process is discussed in some detail in [1], and we refrain
from repeating the lengthy expressions here. For quarks, on
the other hand, the hard scattering kernel reads

FqV = CF

√

2

Nc

Q

ξ

[

1

k2⊥+ τ̄(x̄+ ξ)Q
2/(2ξ)− iε

−
1

k2⊥− τ(x̄− ξ)Q
2/(2ξ)− iε

]

, (15)

where Nc denotes the number of colors and CF = (N
2
c −

1)/(2Nc) is the usual color factor. Here, and in the gluon

3 The definition of the Sudakov factor is completed by the
following rules [9]: exp [−S] = 1 if exp [−S]≥ 1, exp [−S] = 0 if
b≥ 1/ΛQCD and s(β, b,Q) = 0 if b≤

√
2/βQ.
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kernel as well, we only retain k⊥ in the denominators of the
parton propagators, where it plays a crucial role. Its square
competes with terms ∝ τ(τ̄ )Q2, which become small in the
end-point regions, where either τ or τ̄ tends to zero.
The denominators of the parton propagators in (15)

and in the gluonic kernel are either of the type

T1 =
1

k2⊥+d1Q
2
, (16)

or

T2 =
1

k2⊥−d2(x̄± ξ)Q
2− iε

, (17)

where di ≥ 0. The Fourier transforms of these propagator
terms can readily be obtained:

T̂1 =
1

2π
K0(
√

d1bQ) ,

T̂2 =
1

2π
K0

(

√

d2(±ξ− x̄)bQ
)

Θ(±ξ− x̄)

+
i

4
H
(1)
0

(

√

d2(x̄± ξ)bQ
)

Θ(x̄± ξ) , (18)

where K0 and H
(1)
0 are the zeroth-order modified Bessel

function of the second kind and the Hankel function, re-
spectively.
For the purpose of comparison we also quote the

leading-twist results (i.e. the limit k⊥→ 0) for the subpro-
cess amplitudes

Hg
V (l.t.) =

8παs
NcQ

fV 〈1/τ〉V
[

(x̄− ξ)(x̄− ξ+iε)
]−1
,

HqV (l.t.) =
4παs
NcQ

fV 〈1/τ〉V CF
[ 1

x̄− ξ+iε
+

1

x̄+ ξ− iε

]

.

(19)

Here the fV denote the decay constants of the vector
mesons, for which we adopt the values fρ = 209MeV, fφ =
221MeV and fω = 187MeV from [22, 23]. The 1/τ moment
of the meson’s distribution amplitude which represents its
wavefunction integrated over k⊥ (up to the factorization
scale), is denoted by 〈1/τ〉V . In deriving (19) use is made
of the fact that the distribution amplitudes for the vector
mesons that we are interested in are symmetric under the
exchange τ ↔ τ̄ .

3 Modeling the GPDs

As in [1], we construct the GPDs with the help of double
distributions [10, 11]. The main advantage of this construc-
tion is the warranted polynomiality of the resulting GPDs
and the correct forward limit ξ, t→ 0. It is well known that
at low x the parton distribution functions (PDFs) behave
as powers δi of x. These powers are assumed to be gen-
erated by Regge poles [24–26], and for sea and valence
quarks they are identified with the usual Regge intercepts
αi(0). As a consequence of the familiar definition of the
gluon GPD, which reduces to xg(x) in the forward limit,

the power δg is shifted by −1 as against the intercept of
the corresponding Regge trajectory. We generalize this be-
havior of the PDFs by assuming that the t dependence
of the GPDs is also under control of the Regge behavior
(for a similar ansatz, see [27]). In order to simplify mat-
ters we consider only two trajectories: a gluon one, αg(t),
which is understood as the hard physics partner of the fa-
mous pomeron trajectory, playing a prominent role in soft
high energy diffractive scattering, and a Regge trajectory
for the valence quarks, αval(t). This trajectory represents
the family of leading Regge poles that couple to the va-
lence quarks of the proton (ρ, ω, a2 and f2 exchange in
soft scattering). Since the sea quarks mix with the glu-
ons under evolution, it seems plausible that we may use
the gluon trajectory for the sea quark GPDs as well. This
assumption is supported to some extent by the observa-
tion that the ratios of the various sea quark PDFs over the
gluon one are approximately independent of Q2 at low x
and for Q2 � 4 GeV2. The trajectories are assumed to be
linear functions of t in the small-t range,

αi = αi(0)+α
′
it , i= g, val , (20)

and they are accompanied by Regge residues assumed
to have an exponential t dependence with slope parame-
ters bi.
Following Radyushkin [11], but generalizing to non-

zero t, we employ the following ansatz for the double distri-
butions (i= g, sea, val):

fi(β, α, t) = e
(bi+α′i ln(1/|β|))thi(β)

Γ (2ni+2)

22ni+1Γ 2(ni+1)

×
[(1−|β|)2−α2]ni

(1−|β|)2ni+1
, (21)

where

hg(β) = |β|g(|β|) , ng = 2 ,

hqsea(β) = qsea(|β|)sign(β) , nsea = 2 ,

hqval(β) = qval(β)Θ(β) , nval = 1 . (22)

For the decomposition of the double distribution into a
valence and a sea contribution we follow the procedure pro-
posed in [12] (for earlier discussions on this decomposition,
see [4, 5, 28]), and we write

fqval(β, α, t) =
[

fq(β, α, t)+fq(−β, α, t)
]

Θ(β) ,

fqsea(β, α, t) = f
q(β, α, t)Θ(β)−fq(−β, α, t)Θ(−β) .

(23)

In the forward limit (ξ, t→ 0), this decomposition is con-
form the usual definition of the sea and valence quark
PDFs.
According to [11] the GPDs are related to the double

distributions by the integral

Hi(x̄, ξ, t) =

∫ 1

−1
dβ

∫ 1−|β|

−1+|β|
dαδ(β+ ξα− x̄)fi(β, α, t) .

(24)
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For convenience we employ an expansion of the PDFs4

(β > 0):

hi(β) = β
−δi(1−β)2ni+1

3
∑

j=0

cijβ
j/2 , (25)

which is particularly useful at low β and allows us to per-
form the integral (24) term by term analytically. The factor
(1−β)2ni+1 serves for canceling the corresponding factor
in (21) and has the additional welcome feature of roughly
accounting for the β→ 1 behavior of the PDFs.
This results in a corresponding expansion of the GPDs:

Hi(x̄, ξ, t) = e
bit

3
∑

j=0

cijHij(x̄, ξ, t) . (26)

For the gluons and sea quarks,5 the individual terms read
(εg = 1, εsea =−1,mgj = 3+ j/2− δg−α′gt,mseaj =mgj−
1) [11]

Hij(x̄, ξ, t) =
15

2ξ5
Γ (mij−2)

Γ (mij+3)

{[

(

m2ij+2
)

(ξ2− x̄)2

−
(

m2ij−1
)

(1− ξ2)(x̄2− ξ2)
] [

x
mij
1 −x

mij
2

]

+3mijξ(1− x̄)(ξ
2− x̄)

[

x
mij
1 +x

mij
2

]}

,

x̄≥ ξ ,

=
15

2ξ5
Γ (mij−2)

Γ (mij+3)

{

x
mij
1

[

(

m2ij+2
)

(ξ2− x̄)2

+3mijξ(ξ
2− x̄)(1− x̄)

−
(

m2ij−1
)

(1− ξ2)(x̄2− ξ2)
]

+ εi(x̄→−x̄)
}

,

0≤ x̄ < ξ , (27)

and for the valence quarks (mvalj = 2+ j/2− δval−α′valt)

Hvalj(x̄, ξ, t)

=
3

2ξ3
Γ (mvalj−1)

Γ (mvalj+2)
×
{

(ξ2− x̄)
(

x
mvalj
1 −x

mvalj
2

)

+mvaljξ(1− x̄)
(

x
mvalj
1 +x

mvalj
2

)}

,

x̄≥ ξ ,

=
3

2ξ3
Γ (mvalj−1)

Γ (mvalj+2)
x
mvalj
1

[

ξ2− x̄+mvaljξ(1− x̄)
]

,

− ξ ≤ x̄ < ξ . (28)

In (28) and (27) we use the short-hand expressions

x1 =
x̄+ ξ

1+ ξ
, x2 =

x̄− ξ

1− ξ
, x3 =

x̄− ξ

1+ ξ
. (29)

4 These terms may be interpreted as a set of daughter trajec-
tories spaced by 1/2.
5 Because δsea > 1, there is a singularity at β = 0 in the in-
tegral (24). As suggested by Radyushkin [11], this singularity
is regularized by considering (24) for Hqsea as a principal value
integral.

The definition of the GPDs is completed by the relations

Hg(−x̄, ξ, t) =Hg(x̄, ξ, t) ,

Hqsea(−x̄, ξ, t) =−H
q
sea(x̄, ξ, t) (30)

and

Hqval(x̄, ξ, t) = 0 , −1≤ x̄ <−ξ . (31)

The GPDs and their derivatives up to order ni are contin-
uous at x̄= ξ. In the present work we do not consider the
full evolution of the GPDs. We rather approximate it by
that of the PDFs. Since for ξ� x̄ and t� 0 the GPDs turn
into the corresponding PDFs up to corrections of order ξ2,
the evolution is taken into account in that region approxi-
mately. The corrections to the PDFs are of different sizes
– they are very small for the gluon and largest for the sea
quarks. The approximative treatment of the evolution re-
ceives further support by the fact that at low skewness the
dominant contribution to the longitudinal cross section is
provided by the imaginary part of the amplitude (3). The
imaginary part is related to the GPDs at x̄� ξ (here differ-
ences between x̄ and ξ are of the order 〈k2⊥〉/Q

2), which for
ξ� 1 read

Hg(ξ, ξ, t) =

2ξg(2ξ)e(bg+α
′
g ln [(1+ξ)/(2ξ)])t

(

1− δg/5−α′gt/5
) (

1− δg/4−α′gt/4
) (

1− δg/3−α′gt/3
) ,

Hqval(ξ, ξ, t) =
qval(2ξ)e

(bval+α′val ln [(1+ξ)/(2ξ)])t

(1− δval/3−α′valt/3) (1− δval/2−α
′
valt/2)

.

(32)

For the sea quarks one has to replace δg by δsea = 1+ δg
in the first equation. Hence, at least at small ξ, the evo-
lution of the GPDs is approximately taken into account.
The implementation of the full evolution is left to a forth-
coming paper. From (32) one may also read off the so-
called skewing effect [28–30], i.e. the enhancement of the
GPDs at x̄= ξ and at t= 0 over the corresponding PDFs
taken at the momentum fraction 2ξ. For the gluons the
skewing effect provides the difference between the leading-
twist result for vector meson electroproduction and the
leading-log approximation [6], for which Hg(ξ, ξ, t � 0) is
replaced by 2ξg(2ξ). It is easy to see from (26), (27) and
(32) that the leading-log approximation is only valid at
very low ξ. One may also see from (32) that the use of
the n = 1 model for the sea quarks would lead to im-
plausibly large values for Hsea(ξ, ξ, t). This is another rea-
son why we prefer the n = 2 GPD model for the sea
quarks.
In (24) so-called D terms for gluons and sea quarks

are ignored [31]. The D terms ensure the appearance of
the highest powers of the skewness in the moments of the
GPDs. According to the above discussion, the D terms
only contribute to the less important real part of the ampli-
tude, since their support is the region−ξ ≤ x̄≤ ξ. We take
this as a vindication of neglecting theD terms.
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Fig. 3. Left: current gluon PDFs ver-
sus β at a scale of 4 GeV2 [32–38]. For
the CTEQ6M solution only the band
of Hessian errors is shown. Its width is
typical of all PDFs. The central solid
line represents the gluon PDF used in
this work. Right: the intercept δg versus

Q2 at W = 75 GeV. The fit δg = 0.10+
0.06 lnQ2/Q20 is compared to the HERA
data for ρ (solid circles [15], trian-
gles [16]) and φ electroproduction (open
circles [17])

Table 1. The parameters appearing in the expansion (25) of the PDFs (L= lnQ2/Q20,
Q20 = 4GeV

2). The expansion provides fits to the CTEQ6M PDFs [32] in the range
10−2 ≤ β ≤ 0.5 and 4 GeV2 ≤Q2 ≤ 40 GeV2. The powers δ are kept fixed in the fits

gluon strange uval dval

δ 0.10+0.06L 1+ δg 0.48 0.48
c0 2.23+0.362L 0.123+0.0003L 1.52+0.248L 0.76+0.248L
c1 5.43−7.00L −0.327−0.004L 2.88−0.940L 3.11−1.36L
c2 −34.0+22.5L 0.692−0.068L −0.095L −3.99+1.15L
c3 40.6−21.6L −0.486+0.038L 0 0

4 Fixing the parameters

In this section we are going to fix the parameters of our
model and to present numerical results for the GPDs. For
the evaluation of the latter we have to choose a set of PDFs
and to expand them according to (25). Let us begin with
the gluon PDF. The data used in current PDF analyses,
e.g. [32–38], do not constrain the parton distributions well
for β � 10−2 at low Q2 [39]. This is evident from Fig. 3,
where different versions of βg(β) are displayed6 at the scale
4 GeV2; the deviations diminish with increasing scale. The
uncertainties in the gluon PDF matter for vector meson
electroproduction. Via (21), (24) and (5) they propagate to
the cross section and lead to corresponding uncertainties
there. In order to overcome this deficiency, we adjust the
low-β behavior of the gluon PDF in such a way that good
agreement with the HERA data on ρ and φ electroproduc-
tion is achieved. Using (4), (5) and (32), one readily obtains
from the imaginary part of the gluon contribution

σL ∝W
4δg(Q

2) , (33)

at fixed Q2 and small xBj; the real part does not affect the
energy dependence [1]. This result allows for a determin-
ation of the intercept of the gluon trajectory.We stress that
with δsea = 1+ δg the sea quark contribution leads to the

6 Here and in the following we denote the argument of the
PDFs by β parallel to the definition (22) in order to avoid
confusion.

same energy dependence of the cross section as the gluon
and is in so far included in (33). For the large energy avail-
able at HERA, the contributions from the valence quarks
are negligible.
The power δg has been extracted from the HERA

data [15–17] on the electroproduction cross section. The
results are shown in Fig. 3. Since the ratio of the longitu-
dinal and transverse cross sections is only mildly energy
dependent, the difference between the energy dependence
of the full cross section and of σL is marginal. A straight-
line fit to the HERA data is also shown in Fig. 3, and
its parameters are quoted in Table 1. Keeping this re-
sult on δg subsequently fixed, the coefficients cgj in (25)
are fitted to the CTEQ6M gluon PDF [32] in the range
4 GeV2 ≤ Q2 ≤ 40 GeV2 and 10−4 ≤ β ≤ 0.5. The values
obtained for the coefficients are given in Table 1 as well.
The resulting fit is also shown in Fig. 3. In the quoted range
of Q2 and for β the fit agrees very well with the CTEQ6M
solution; it is always well inside the band of Hessian er-
rors; see Fig. 3. Larger values of β are irrelevant to us, since
the contribution of the GPDs from the region 0.5� β to
the real part of the amplitude is less than 0.5%. From the
gluon PDF just described we evaluate the gluon GPD with
the help of (26) and (27). For a set of skewness values it is
shown in Fig. 4. In the context of the error assessment to be
executed below, we will comment on the implications of the
other PDF solutions.
A power δg rising with Q

2 is untypical for the Regge
pole model. Even more important, δg > 0 leads to a cross
section that increases as a power of the energy; see (33).
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Fig. 4. The GPDs Hg (left), Hssea, multiplied by x̄ (center), and H
u
val (right) at selected values of the skewness. The GPDs are

shown at t= 0 and at a scale of 4 GeV2

At very high energies, it will therefore violate the Froissart
bound and, hence, unitarity. Obviously, there must occur
a saturation at some scale of Q2 that will limit the rise
of the gluon PDF and GPD and will restore unitarity. In
other words, the description of diffraction by a pomeron-
type pole with an intercept αg(0) larger than unity is to
be considered as an effective parameterization that holds
in a finite although possibly large range of energy [40].
Unitarity will ultimately force the generation of a series
of shielding cuts [41] that will prevent the violation of
the Froissart bound. An effective parameterization may
have parameters that depend on the process and on the
kinematics.
For the slope of the gluon trajectory we take the value

α′g = 0.15 GeV
−2, which is slightly smaller than that of

the usual soft pomeron [40] but agrees with the value ob-
served in photoproduction of the J/Ψ [42] and other vector
mesons [43]. Small values of the gluon and soft pomeron
slopes are required, since the diffraction peaks show little
shrinkage.
Using δsea = 1+ δg, we perform an analogous fit of the

strange quark CTEQ6M distribution (assuming s(β) =
s̄(β)). The parameters are quoted in Table 1 too, and the
resulting GPDHssea constructed through the double distri-
bution (21) is shown in Fig. 4. For the CTEQ6MPDFs [32]
the ū and d̄ distributions at low β are very close to each
other and enhanced by an approximately Q2 dependent
but β independent factor κs(Q

2) as compared to the
strange quark PDF. In an attempt to keep the GPD model
simple, we therefore assume

Husea =H
d
sea = κsH

s
sea , (34)

where the flavor symmetry breaking factor is parameter-
ized as

κs = 1+0.68/(1+0.52 lnQ
2/Q20) , (35)

as obtained from a fit to the CTEQ6M PDFs. Equa-
tion (34) is a simplification, which, as one may object, is
unjustified given the high level of accuracy that the current

PDF solutions have reached. However, we are construct-
ing model GPDs, which implies a theoretical uncertainty
of unknown strength. It seems premature in the present
state of the art to transfer the full complexity of the current
PDFs to the model GPDs. It is not probed by the present
data on vector meson electroproduction7 and would con-
fuse rather than elucidate the physical interpretation.
For the valence trajectory we adopt the standard soft

physics parameters, αval(0) = 0.48 and α
′
val = 0.9 GeV

−2.
This is in fair agreement with the low-x behavior of the va-
lence quark PDFs at low factorization scale (up to at least
40GeV2) within errors. Only a very mild, negligible effect
of evolution is to be observed for these parameters. Keep-
ing again the intercept fixed, we fit the expansion (25) to
the u and d valence quark distributions of the CTEQ6M so-
lution and evaluate the corresponding GPDs from (26) and
(28). The obtained parameters are quoted in Table 1, and
Huval at t = 0 is displayed in Fig. 4. In contrast to the sea
quark GPDs, where the n= 1 model is to be rejected be-
cause of its very strong skewing effect (and because of the
pomeron-type interpretation), the skewing effect for the
valence quarks is much weaker.
Now, having specified the parameterization of the

Regge trajectories, we turn to their determination of the
residues, i.e. of the slope parameters bi. As we repeat-
edly mentioned, vector meson electroproduction behaves
diffractively, i.e. its differential cross section decreases ex-
ponentially with t. In the handbag approach this behavior
is to be incorporated in the gluon GPD. Although its t
dependence appears to be more complicated than an ex-
ponential dependence, as is for instance seen from (27) or
(32), this is not the case in reality. They actually behave
as exponentials, as can be seen from Fig. 5, where we dis-
play Hg(ξ, ξ, t) versus t for selected values of W and Q2.
As a consequence of the smallness of α′g the effective slope
of the gluon GPD falls together with the Regge exponen-
tial to a very high degree of accuracy, and for the sea quark
GPD the situation is similar. Hence, because of the repeat-

7 Since as of yet there are only data on ρ production available
but not on ω, only the combination euH

u
sea− edH

d
sea is probed.
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Fig. 5. Left: the t dependence of the gluon
and the u-valence GPDs at W = 75GeV,
Q2 = 4GeV2 (solid lines) and W = 5GeV,
Q2 = 3GeV2 (dashed lines). Right: the slope
BV of the differential cross section for ρ
and φ electroproduction versus Q2 at W =
75GeV. Data are taken from [15] (solid cir-
cles) and [17] (open triangles). The solid line
represents the fit (37) and (38) for the case
of the φ

edly mentioned dominance of the imaginary part of the
gluon contribution at HERA kinematics, the slope of the
differential cross section is given by

BV � 2bg+2α
′
g ln
1+ ξ

2ξ
(36)

in our model GPDs. Insertion of (1) and (2) translates this
relation into

BV = 2bg+2α
′
g ln
W 2+Q2

Q2+m2V
. (37)

High energy data for the t dependence only exist for the
unseparated cross section dσ = dσT+ εdσL, where ε is
the ratio of longitudinal to transversal polarization of the
virtual photon. Ignoring possible differences between the
slopes of the transverse and longitudinal cross sections
(which can only emerge from the subprocess amplitudes),
we fit bg against the HERA data for ρ [15] and φ produc-
tion [17]. We find that the experimental slope parameters
are well described by

bg = bsea = 2.58GeV
−2+0.25GeV−2 ln

m2

Q2+m2
;

(38)

see Fig. 5. It is to be stressed that the term ∝ α′g in (37) is
a consequence of the Regge behavior, while the log term
in (38) is an ansatz. The ρ and φ slopes practically coincide
at HERA energies; there are only minor differences at low
Q2, which are not shown in Fig. 5.
The zero-skewness limit of the valence quark GPDs

reads

Hqval(x̄, ξ = 0, t) = e
(bval+α′val ln(1/x̄))tqval(x̄) , (39)

as it readily follows from (21) and (24). This is very close
to the ansatz advocated in [44] in order to extract the
zero-skewness GPDs from the nucleon form factor data
(see also [45]). Our Regge exponential appears as the small
x̄ approximation of the exponential exploited in [44]. In
the range 0� x̄� 0.15, the difference between both expo-
nentials is less than 10%. The comparison with the zero-
skewness analysis further reveals that the slope of the
Regge trajectory suffices to specify the t dependence of

the valence quark GPDs. Consequently we set bval equal to
zero. It has also been checked by us that the valence quark
GPDs (26) and (28) respect the sum rule for the Dirac
form factor at any value of skewness; small deviations be-
tween the form factor data and the sum rules evaluated
from our GPDs occur at larger t and amount to about 3%
at t=−0.6GeV2.
Effectively the valence quarks GPDs behave as expo-

nentials in t too; see Fig. 5. The decisive difference is how-
ever that the valence quark GPDs show strong shrinkage
due to the large value of α′val. While at HERMES kinemat-
ics the effective slopes of the gluon and the valence quark
GPDs are similar, the latter is much larger at HERA kine-
matics.
Last but not least, we have to specify the meson wave-

function occurring in (9). As in our previous work [1] and in
other applications of the modified perturbative approach,
e.g. [18, 19, 21], we use a Gaussian wavefunction:

ΨV (τ,k⊥) = 8π
2
√

2NcfV a
2
V exp

[

−a2V k
2
⊥/(τ τ̄)

]

.

(40)

Transverse momentum integration leads to the associated
distribution amplitude, which represents the soft hadronic
matrix element entering calculations in the collinear fac-
torization approach. Actually, the wavefunction (40) leads
to the so-called asymptotic form of the meson distribution
amplitude:

ΦAS = 6τ τ̄ . (41)

Its 1/τ moment occurs in the leading-twist result (19) and
acquires the value 3. The transverse size parameter aV is
considered as a free parameter fitted to the data on the inte-
grated cross sections σL for ρ and φ production; see the next
section. It can be varied within a certain range of values de-
termined by the requirement that the corresponding r.m.s.
k⊥, being related to the transverse size parameter by

〈k2⊥〉
1/2 =

[
√
10aV

]−1
, (42)

acquires a plausible value, consistent with our assumption
of taking into account only the transverse momenta of the
quarks forming the meson. Possible evolution of the trans-
verse size parameter is ignored.
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5 Results for the longitudinal cross sections

The full amplitudes for vector meson electroproduction (5)
and (6) are a coherent superposition of contributions from
the various quark flavors and from the gluon. In order to
shed light on the relative importance of the various terms
we quote the leading-twist result:

Mφ = e
8παs
NcQ

fφ〈1/τ〉φ
−1

3

{

1

2ξ
Ig+CFIsea

}

,

Mρ = e
8παs
NcQ

fρ〈1/τ〉ρ
1
√
2

×

{

1

2ξ
Ig+κsCFIsea+

1

3
CFI

u
val+

1

6
CFI

d
val

}

,

Mω = e
8παs
NcQ

fω〈1/τ〉ω
1

3
√
2

×

{

1

2ξ
Ig+κsCFIsea+CFI

u
val−

1

2
CFI

d
val

}

.

(43)

The integrals in (43) read

Ig = 2

∫ 1

0

dx̄
ξHg(x̄, ξ, t)

(x̄+ ξ)(x̄− ξ+iε)
,

Isea = 2

∫ 1

0

dx̄
x̄Hssea(x̄, ξ, t)

(x̄+ ξ)(x̄− ξ+iε)
,

Iaval = 2

∫ 1

−ξ
dx̄

x̄Haval(x̄, ξ, t)

(x̄+ ξ)(x̄− ξ+iε)
. (44)

The imaginary parts of these integrals are just−πHi(ξ, ξ, t)
and for ξ→ 0 they exhibit typical Regge phases as a con-
sequence of the analytic structure of the integrals and the
symmetries of the GPDs (30).
Within the modified perturbative approach the ampli-

tudes have the same structure as in (43). Only the integrals
(44) are much more complex; they do not factorize into
products of integrals over the wavefunctions and over the
product of GPDs and propagators. Despite this the sup-
pression induced by the modified perturbative approach
does not change much the relative strengths of the various
contributions. One may therefore get a quick insight into
the relative strength of the various terms from (43).
Numerical evaluation of the amplitudes (5) and (6) re-

veals that, for skewness less than about 0.01, the gluon
and sea contributions are dominantly imaginary, while, for
ξ � 0.1, their real parts are nearly as large as their imagi-
nary part. The valence quark contribution behaves oppo-
sitely. The energy dependence of the ratio of the real and
imaginary parts of the full ρ production amplitude is shown
in Fig. 6 at Q2 = 4GeV2.
A remark concerning the values of αs is in order. As in-

spection of our handbag amplitude reveals, almost the en-
tire contribution is accumulated in a comparatively narrow
region of αs. For instance, atQ

2 = 4GeV2 andW = 5GeV,
90% of the amplitude comes from the range 0.3� αs � 0.5,
with a mean value of about 0.4. Hence, our handbag ap-
proach is theoretically self-consistent in so far as contribu-
tions from soft regions, where αs is larger than, say, 0.6

Fig. 6. Real over imaginary part of the full amplitude for ρ
production versusW at Q2 = 4GeV2 and t= 0

and where perturbation theory breaks down, are strongly
suppressed.
We are now ready to present our results for vector me-

son electroproduction. They are obtained by adjusting the
transverse size parameters aV appropriately. The best fits
provide the values

aφ = 0.70GeV
−1 , aρ = 0.75GeV

−1 . (45)

The corresponding r.m.s. k⊥ is about 500MeV. This value
is more than a factor of 2 larger than the corresponding
value for the quarks inside the proton and is in so far con-
sistent with our assumption of taking into account only the
transverse momenta of the quarks forming the meson. In
Figs. 7 and 8 we compare our results for φ and ρ produc-
tion to the HERA data8 [15–17,46–48]. In the left panels
of these figures we show the decomposition of the cross sec-
tions into the various contributions from the gluon and the
quarks. The gluon contribution is dominant, but the cor-
rections from gluon–sea interference amount to about 25%
(50%) for φ (ρ) production; the valence quark contribution
(including its interference with the gluon and the sea) to
the ρ production cross section is tiny and can be neglected.
The larger sea quark contribution for ρ production follows
from the flavor symmetry breaking factor κs. In the right
panels of Figs. 7 and 8 we display in addition to our full
results their uncertainties due to the Hessian errors of the
CTEQ6 PDFs and, for comparison, the leading-twist re-
sult evaluated from the asymptotic distribution amplitude
(41). Results for the cross sections evaluated from sets of
PDFs other than CTEQ6 also fall into the error bands in

8 If not quoted explicitly in the experimental papers, the
longitudinal cross section is evaluated by us from information
given therein. Statistical and systematical errors are added in
quadrature. If necessary, the data are rescaled in W using (33)
or in Q2 exploiting the handbag predictions for the dependence
on it.
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Fig. 7. The longitudinal cross section for
φ production at W = 75GeV. Data are
taken from [17] (open triangles), [46] (solid
squares) and [47] (open squares). Left: full
(dashed, dash-dotted, dotted) line represents
the handbag predictions for the cross sec-
tion (gluon, gluon–sea interference, sea con-
tribution). Right: predictions for the cross
section with error bands resulting from the
Hessian errors of the CTEQ parton distribu-
tions (full line) and predictions compared to
the leading-twist result (dashed line)

Fig. 8. The longitudinal cross section for ρ
production at W = 75GeV. Data are taken
from [15, 48] (solid squares) and [16] (open
squares). For further notation, cf. Fig. 7

most cases (an exception is set for instance by the PDFs de-
termined in [37, 38]), provided that these PDFs are treated
in analogy to the CTEQ6M set, i.e. that they are fitted to
the expansion (25) by forcing them to behave Regge-like
with powers δi as described above, if necessary readjust-
ing the transverse size parameters. Straightforward evalu-
ation of the GPDs from the various sets of PDFs and fixed
transverse size parameters lead to cross sections which dif-
fer markedly stronger than the error bands indicate. For
examples, see [7, 8]. The results obtained with the modi-
fied perturbative approach are in remarkable agreement
with the HERA data, while the leading-twist results are
clearly in excess to experiment, with a tendency, however,
of approaching the data and the predictions from the modi-
fied perturbative approach at Q2 � 40 GeV2. This in turn
tells us that the effect of the transverse quark degrees of
freedom in combination with the Sudakov suppression be-
comes small for such values of Q2, while being very im-
portant at lower Q2. Similar observations have also been
made by Ivanov et al. [49]. In their next-to-leading order

Fig. 9. The longitudinal cross section for
φ (left) and ρ (right) production versus Q2

at W = 5 (solid line) and 10 GeV (dashed
line). Data at W = 5GeV, shown as solid
circles, are taken from HERMES [50] (for φ,
preliminary) and [51] (for ρ). The open tri-
angle presents the E665 [52] data point at
W = 10GeV. For further notation, cf. Fig. 7

leading-twist calculation of vector meson electroproduc-
tion, large perturbative logs occur, which partly cancel the
leading-order term, bringing the leading-twist result closer
to experiment.
In Fig. 9 we show the results for σL at W = 5 and

10GeV and compare them to the data from
HERMES [50, 51] and the FERMILAB experiment
E665 [52]. Again we observe good agreement with ex-
periment. The slopes of the differential cross section are
somewhat smaller at lower energies than those at the
HERA energy shown in Fig. 5. For instance atW = 5GeV
and Q2 = 4GeV2, we obtain 5.0 GeV−2 for ρ produc-
tion and 4.8 GeV−2 for the case of the φ. As of yet, the
HERMES collaboration has only provided preliminary re-
sults for these slopes: 6.32±0.72GeV−2 at Q2 = 3.7 GeV2

for ρ [53] and 4.6± 1.2GeV−2 averaged over the range
0.7 ≤ Q2 ≤ 5 GeV2 for φ production [54]. A slope for ρ
production that is considerably larger than that for φ
production is difficult to get in the handbag approach. Al-
though it seems tempting to assign such an effect to the



S.V. Goloskokov, P. Kroll: The longitudinal cross section of vector meson electroproduction 839

Fig. 10. The differential cross section for ρ production versus t
atW = 5GeV and Q2 = 4GeV2

valence quark contribution by choosing a non-zero value
for bval, this is likely not the solution, since it would lead to
a Dirac form factor that drops too fast with t. An alterna-
tive possibility seems to change the t dependence of the sea
quark GPD by choosing a value for bsea larger than that for
bg, which is theoretically not forbidden. On account of the
different weights of the sea contribution in both processes
of interest, this may generate a somewhat larger slope in

Fig. 11. The longitudinal cross section for φ
(left) and ρ (right) electroproduction versus
W at Q2 = 3.8 GeV2 and 4 GeV2, respec-
tively. The handbag predictions are evalu-
ated from the interval −t ≤ 0.5 GeV2. The
data for φ production are taken from HER-
MES [50] (solid circle), ZEUS [17] (open
triangles) and H1 [46] (solid square). The
data for ρ production are taken from HER-
MES [51] (solid circles), E665 [52] (open
triangles), ZEUS [16] (open square) and
H1 [15] (solid square). The dashed (dash-
dotted, dash-dot-dotted) line represents the
gluon (gluon+ sea-, (gluon+ sea)-valence
interference plus the valence quark) contri-
bution. For further notation, cf. Fig. 7

Fig. 12. Left: the ratio of the longitu-
dinal cross sections for φ and ρ produc-
tion. Data are taken from H1 [15, 46] (solid
squares), ZEUS [16, 17] (open squares) and
HERMES [50, 51] (solid circles). The solid
(dashed) line represents the handbag pre-
dictions at W = 75(5)GeV. Right: predic-
tions for ω electroproduction versus W
at Q2 = 3.5 GeV2. For comparison the full
cross section for ω production, measured by
ZEUS [58], is also shown (solid diamond)

the case of the ρ. In regard to the present experimental
situation we leave this question unanswered for the time
being. Pertinent future data may settle this issue. In order
to demonstrate how close the t dependence of the differ-
ential cross section to an exponential behavior is, we show
in Fig. 10 the cross section for ρ production atW = 5GeV
andQ2 = 4GeV2 as an example.
Consulting Fig. 11 one sees that also the W depen-

dence of the longitudinal cross section is correctly de-
scribed within the handbag approach. Note that σL in
Figs. 7–9 and 12 (left) is obtained by integrating the dif-
ferential cross section over the range of t that is used
in the various experiments. Thus, we integrate from 0 to
−0.6,−0.5,−0.4GeV2 for HERA, COMPASS (and E665),
and HERMES kinematics, respectively. For σL in Figs. 11
and 12 (right), on the other hand, we integrate up to
−0.5GeV2 throughout but compare with the actual data.
The cross sections exhibit kinks at about W = 10GeV,
rather markedly for φ production, milder in the case of the
ρ. These kinks are related to the sharp fall-off of the gluon
and sea quark GPDs with increasing ξ (note that ξ ∝ 1/W 2

at fixed Q2); see the gluon PDF shown in Fig. 3. The addi-
tional valence quark contribution in ρ production mitigates
the kink. For ρ production we also show in Fig. 11 the in-
dividual contributions from the gluons, sea and valence
quarks. At W � 5 GeV the latter contribution (including
the interference with the gluon and sea quarks) amounts to
about 50% of the full result but decreases rapidly with in-
creasingW . It only contributes about 10% atW = 10GeV
and is negligible at the HERA energy.
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All the results we have presented so far are evaluated
from the Gaussian wavefunction (40). One may wonder
what the consequences of other choices of the wavefunction
are. In order to provide a partial answer to this question,
we multiply the wavefunction (40) for the ρmeson with the
factor

1+B2(µ0)

[

αs(µF)

αs(µ0)

]50/81

C
3/2
2 (2τ −1) . (46)

It corresponds to the first two terms of the expansion of
the meson distribution amplitude in the Gegenbauer poly-
nomials C

3/2
n , the eigenfunctions of the evolution kernel

for the mesons [55]. For an estimate of the impact of that
factor on the cross section for ρ production, we adopt the
value

B2(µ0 = 1GeV) = 0.18 , (47)

obtained from QCD sum rules for the expansion coeffi-
cient [56]. From this value of B2 we find that the cross
section for ρ production increases by approximately 14%
(24%) at Q2 = 4(20)GeV2 in the entire range of energy we
examine. This is well within the uncertainties of our ap-
proach, which are represented by the error bands shown
in the various figures. The gradual decrease of the second
Gegenbauer term with increasing scale is to a large ex-
tent compensated by the diminishing suppression through
the quark transverse momenta and the Sudakov factor. In
a calculation to leading-twist order, the effect of the higher
Gegenbauer terms is more pronounced at low Q2. For in-
stance, at Q2 = 4GeV2, the ρ cross section increases by
31% to leading-twist order using (47) and µF =Q.
In the limit of negligible valence quark contributions

one has the following relative strength of the three cross
sections: ρ : ω : φ= 1 : 9 : 2/9, up to flavor symmetry break-
ing effects like the differences in the decay constants and in
the wavefunction or distribution amplitudes or the flavor
symmetry breaking factor (35) in the sea GPDs. While the
latter two effects disappear for Q2→∞ due to evolution,
the differences in the decay constants are scale indepen-
dent. Hence, for very large scales the handbag approach
predicts

σL(φ)/σL(ρ) =⇒
2

9

(

fφ

fρ

)2

= 0.248 . (48)

An analogous result holds for the ratio of the ω and ρ cross
sections. The HERA data [15–17,46], shown in Fig. 12,
are not far from the symmetry limit 2/9 especially at
larger values of Q2, but the face values are clearly be-
low it. The evolution effect of a ρ wavefunction broader
in τ than the Gaussian given in (40) is too mild if one
accepts the QCD sum rule estimate of the Gegenbauer
coefficients; see the above discussion. It does not explain
the Q2 dependence of the data. Thus, we are compelled
to conclude that the bulk of the effect seen in the HERA
data is due to flavor symmetry breaking in the sea. In-
deed, with κs as given in (35), we obtain the results for
the ratio of the φ and ρ cross sections shown in Fig. 12,

which agree fairly well with experiment. The cross section
ratio at the HERMES energy is smaller than at the higher
HERA energy, which, as a glance at (43) reveals, is to be as-
signed to the additional valence quark contribution to the
ρ cross section at W = 5GeV (see also [57]). Indeed our
results are in agreement with the HERMES data [50, 51];
see Fig. 12.
Predictions for ω production are presented in Fig. 12 as

well. They are obtained by assuming aω = aρ. Only the un-
separated cross section has been measured by the ZEUS
collaboration [58], atW = 70GeV andQ2 = 3.5GeV2, and,
therefore, we cannot directly compare with our results.
However, assuming that the ratio of the longitudinal and
transversal cross sections is about 2 at this kinematics, one
expects a longitudinal cross section that amounts to about
2/3 of the full cross section, and this would be in agreement
with our result. The valence quark contribution is stronger
for ω than for ρ production, as it is expected from (43).
For our kinematical point of reference, W = 5GeV and
Q2 = 4GeV2, for instance, it amounts to about 65% of the
ω cross section. Data on the longitudinal cross section for ω
production would be highly welcome. They would provide
information on a second combination of the u and d quark
GPDs, euH

u+ edH
d.

6 Summary

We have investigated light vector meson electroproduction
in the handbag approach. The partonic subprocesses are
treated within the modified perturbative approach, and
the GPD H for gluons, sea and valence quarks is con-
structed from the CTEQ6M PDFs through double distri-
butions using a Regge-inspired t dependence. The GPDs
H respect all theoretical constraints, i.e. the reduction for-
mulas, positivity and polynomiality as well as the sum
rule for the Dirac form factor of the proton. From our ap-
proach we have obtained a fair understanding of the lon-
gitudinal cross section over a large range of energy (from
W = 5 till 100GeV) and photon virtualities (from 2.5 to
40GeV2), provided xBj is small. A remarkable outcome of
our investigation is that the gluon contribution plays an
important role over the entire range of energy we have ex-
plored. The sea quarks also contribute considerably at all
energies although to a lesser extent than the gluons. The
valence quarks on the other hand are only of importance
for ρ and ω production and for energies less than about
10GeV.
We have simplified the parameterization of the sea

quark GPDs; not all details of the PDFs are transferred to
them. Thus, we have reduced the sea quark GPDs to a sin-
gle function, allowing for differences only through a fla-
vor symmetry breaking factor. At the present stage of our
knowledge of the GPDs, a more refined model would pro-
vide a pseudo-accuracy that does not meet the uncertain-
ties of the GPD model and that would confuse rather than
elucidate. With our sea quark GPDs, it becomes evident
that theQ2 dependence of the φ–ρ ratio of the longitudinal
cross sections at HERA energies is generated by the flavor
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symmetry breaking in the sea. Data for ω production may
perhaps force us to improve the parameterization of the sea
quark GPDs. The data for ρ production alone only probe
the combination euH

u
sea− edH

d
sea.

In our previous work [1] we have also calculated the am-
plitudes for other transitions from the virtual photon to the
vector meson within the handbag approach. With them we
have achieved a fair description of the transverse cross sec-
tion and the spin density matrix elements at HERA ener-
gies at which the gluon contribution dominates. The appli-
cation of this approach to the spin density matrix elements
at lower energies necessitates the inclusion of the quark
contribution into the analysis, which is left to a forthcom-
ing paper.
The handbag approach with the reggeized GPDs bears

similarities to other theoretical models for vector meson
electroproduction, which are mainly applied to the high
energy and/or very low xBj regime. The gluonic subpro-
cess, see Fig. 1, with the accompanied proton–gluon vertex
function forms the basis of many models. The various ap-
proaches essentially differ in the treatment of that vertex
function (pomeron residue [40, 59] or the gluon PDF in
the BFKL color dipole model [43] and in the leading-log
approximation [20, 29]) and in the assumptions of which
of the partons in the Feynman graphs are considered as
soft, i.e. which ones assumed as quasi-on-shell and which
ones assumed as hard. In the handbag approach with the
QCD factorization theorems [2, 3] as foundation, the pro-
tons emit and reabsorb quasi-on-shell partons, and the as-
sociated vertex function, a soft proton matrix element, is
regarded as a GPD. The quark and antiquark entering the
final state meson are also considered as on-shell particles.
The associated soft qq̄→ V transition is parameterized as
a light-cone wavefunction or distribution amplitude. All
other partons in the graphs shown in Fig. 1 are highly vir-
tual. The advantage of the handbag approach is that, once
the GPDs are fixed, other hard exclusive processes, like
for instance deeply virtual Compton scattering, can be
predicted.
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