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Abstract
Exclusive vector meson production and deeply virtual Compton scat-
tering are ideally suited reactions for studying the structure of the pro-
ton and the transition from soft to hard processes. The main experi-
mental data obtained at HERA are summarised and presented inthe
light of QCD approaches.

1 Introduction

The two processes which are the object of the present report,the exclusive production of a vector
meson (VM) of massMV , e+p→ e+VM+Y , and deeply virtual Compton scattering (DVCS),
e+p→ e+γ+Y , whereY is a proton (elastic scattering) or a diffractively excitedsystem (proton
dissociation), are characterised in Fig. 1. The kinematical variables areQ2, the negative square of
the photon four-momentum,W the photon-proton centre of mass energy (W 2 ≃ Q2 (1/x−1), x
being the Bjorken scaling variable) andt, the square of the four-momentum transfer at the proton
vertex.
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Fig. 1: (from left to right) Representative diagrams of a) low x dipole approach and b) GPD approach, for VM

production; c) LO scattering and d) two gluon exchange, for the DVCS process.

The H1 and ZEUS collaborations at HERA have studied the elastic and proton dissociative
production ofρ [1–4],ω [5], φ [3,6], J/ψ [7,8],ψ(2s) [9] andΥ [10,11] mesons, and the DVCS
process in the elastic channel [12, 13]. The measurements are performed in the lowx, large
W domain10−4 <

∼ x <∼ 10−2, 30 ≤ W ≤ 300 GeV. They cover photoproduction (Q2 ≃ 0),
with |t| values up to 30GeV2, and electroproduction in the deep inelastic (DIS) domain (2 ≤
Q2 ≤ 90 GeV2) with |t| <∼ 2 GeV2. The cross sections, expressed in terms ofγ∗p scattering, are
measured differentially inQ2, W andt. The measurement of angular distributions gives access
to spin density matrix elements and polarised amplitudes.



1.1 Production mechanisms

Within the QCD formalism, two main complementary approaches are used to describe VM pro-
duction and DVCS: dipole factorisation and collinear factorisation.

Dipole approach of VM production At high energy, i.e. smallx, VM production can be
described in the proton rest frame with three factorising contributions [14] (see Fig. 1a): the
fluctuation of the virtual photon into aqq̄ colour dipole, the elastic or proton dissociative dipole–
proton scattering, and theqq̄ recombination into the final state VM. The dipole–proton cross
section is expected to be flavour independent and governed bythe transverse size of the dipole.
Light VM photoproduction is dominated by large dipoles, leading to large interaction cross sec-
tions with the incoming proton, similar to soft hadron–hadron interactions. In contrast, heavy
VM production and largeQ2 processes are dominated by small dipoles, with smaller cross sec-
tions implied in QCD by colour transparency, the quark and the antiquark separated by a small
distance tending to screen each other’s colour.

The cross section for VM production can be computed at smallx and for allQ2 values
through models [15–17] using universal dipole–proton cross sections measured in inclusive pro-
cesses, possibly including saturation effects [18] (see also [19]). This formalism thus connects
the inclusive and diffractive cross sections, also in the absence of a hard scale.

In the presence of a hard scale (large quark mass orQ), the dipole–proton scattering is
modelled in perturbative QCD (pQCD) as the exchange of a colour singlet system consisting
of a gluon pair (at lowest order) or a BFKL ladder (at leading logarithm approximation, LL
1/x). At these approximations, the cross sections are proportional to the square of the gluon
density|xG(x)|2 in the proton [20]. The pQCD calculations [21–24] usekt-unintegrated gluon
distributions (see also [25]). The typical interaction scale is µ2 ≃ z(1 − z)(Q2 +M2

V ), where
z is the fraction of the photon longitudinal momentum carriedby the quark. For heavy VM
(in the non-relativistic wave function (WF) approximation) and for light VM production from
longitudinally polarised photons,z ≃ 1/2 and the cross sections are expected to scale with the
variableµ2 = (Q2+M2

V )/4. In contrast, for light VM production by transversely polarised
photons, contributions withz → 0, 1 result in the presence of large dipoles and the damping of
the scaleµ, thus introducing non-perturbative features even for non-smallQ2.

Collinear factorisation and GPD In a complementary approach (see Fig. 1b), a collinear fac-
torisation theorem [26] has been proven in QCD for longitudinal amplitudes in the DIS domain,
which does not require lowx values. This allows separating contributions from different scales,
a large scale at the photon vertex, provided by the photon virtualityQ (or the quark mass), and a
small scale for the proton structure. The latter is described by Generalised Parton Distributions
(GPD – see e.g. the reviews [27]), which take into account thedistribution of transverse momenta
of partons with respect to the proton direction and longitudinal momentum correlations between
partons. They account for “off-diagonal” or “skewing” effects arising from the kinematic match-
ing between the initial state (virtual) photon and the final state, VM or real photon for DVCS.
GPD calculations have been performed for light VM electroproduction [28]. NLO corrections to
light VM electroproduction and to heavy VM photoproductionhave been computed [29].



DVCS Following collinear factorisation, the DVCS process is described at LO by Fig. 1c,
where the virtual photon couples directly to a quark in the proton. QCD calculations at the
scaleµ2 = Q2 involve GPD distributions [30, 31]. At higher order, two gluon exchange as in
Fig. 1d gives also an important contribution at HERA. Joint fits to DVCS and inclusive structure
functions data have been used to extract GPD distributions [32].

Large |t| production Calculations for VM production at large|t| have been performed both in
a DGLAP and in a BFKL approach (see section 6).

1.2 Measurements at HERA

Vector mesons are identified by H1 and ZEUS via their decay to two oppositely charged particles
ρ → π+π−, φ → K+K−, J/ψ → e+e−, µ+µ− andΥ → µ+µ−. The kinematic variables are
reconstructed from the scattered electron and decay particle measurements. Forward calorimeters
and taggers at small angles are generally used to separate elastic and proton dissociative events.
The scattered proton is also measured in forward proton spectrometers, with an acceptance of
a few %, allowing the selection of a purely elastic sample andthe direct measurement of thet
variable.

VM production has been investigated mainly using the HERA I data, collected between
1992 and 2000 and corresponding to an integrated luminosityof ≃ 150 pb−1 for both collab-
orations. The integrated luminosity of 500 pb−1 collected at HERA II (2003-2007) has been
analysed so far for DVCS [13] andΥ [11]. For HERA II, ZEUS has installed a microvertex
detector but has removed the small angle detectors: the leading proton spectrometer and the for-
ward and rear calorimeters, compromising the precise analysis of diffractive data. The HERA II
analyses of H1 will benefit of the fast track trigger installed in 2002 and, for general diffraction
studies, of the very forward proton spectrometer VFPS installed in 2003, which however has very
limited acceptance for VM.

2 From soft to hard diffraction: t dependences and the size of the interaction

Thet dependences of DVCS and VM production provide information on the size and the dynam-
ics of the processes and on the scales relevant for the dominance of perturbative, hard effects.
Whereas total cross sections (F2 measurements) are related, through the optical theorem, tothe
scattering amplitudes in the forward direction, diffractive final states provide a unique opportu-
nity to study the region of non-zero momentum transfert. This gives indirect information on the
variable conjugate tot, the transverse size of the interaction.

For |t|<∼ 1−2 GeV2, the|t| distributions are exponentially falling with slopesb: dσ/dt ∝
e−b|t|. In an optical model approach, the diffractiveb slope is given by the convolution of the
transverse sizes of the interacting objects:b = bqq̄+bY +bIP , with contributions of theqq̄ dipole,
of the diffractively scattered system (the proton or the excited systemY ) and of the exchange
(“Pomeron”) system. Neglecting effects related to differences in the WF, universalb slopes are
thus expected for all VM with the sameqq̄ dipole sizes, i.e. with the same values of the scale
µ2 = (Q2+M2

V )/4. Conversely, elastic and proton dissociative slopes are expected to differ for
all VM production at the same scale by the same amount,bp − bY . Measurements of elastic and



proton dissociativeb slopes for DVCS and VM production are presented in Fig. 2 as a function
of the scaleµ 1.
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Fig. 2: Measurement of (left) the elastic and (right) the proton dissociative slopesb of the exponentialt distributions,

as a function of the scaleµ2 = (Q2+M2
V )/4 for VM production andµ2 = Q2 for DVCS.

ForJ/ψ elastic production, theb slope is<∼ 4.5 GeV−2, with no visibleQ2 dependence.
This value may be related to the proton form factor [16]. For proton dissociation, theb slope is
below 1GeV−2, putting an upper limit to the transverse size of the exchange (with the assump-
tion thatbY ≃ 0 for proton dissociation).

At variance withJ/ψ production, which is understood as a hard process already inphoto-
production, a strong decrease ofb slopes for increasing values ofµ2 = (Q2+M2

V )/4 is observed
for light VM production, both in elastic and proton dissociative scattering. A similar scale de-
pendence is observed for DVCS. This is consistent with a shrinkage of the size of the initial
state object with increasingQ2, i.e. in the VM case a shrinkage of the colour dipole. It should
however be noted that, both in elastic and proton dissociative scatterings,b slopes for light VM
remain larger than forJ/ψ when compared at the same values of the scale (Q2+M2

V )/4 up to
>
∼ 5 GeV2. The purely perturbative domain may thus require larger scale values.

3 From soft to hard diffraction: W dependences vs. mass and Q2

Figure 3-left presents measurements as a function ofW of the total photoproduction cross section
and of the exclusive photoproduction cross sections of several VM; ρ electroproduction cross sec-
tions for several values ofQ2 are shown in Fig. 3-right. As expected for decreasing dipolesizes,
the cross sections at fixed values ofW decrease significantly with increasing VM mass orQ2. In

1Differences between the H1 and ZEUS measurements for elastic scattering are due to differences in background
subtraction. The major effect is due to the subtraction ofρ′ production by H1, a contribution evaluated to be negligible
by ZEUS. Another difference concerns the values used for theb slopes of the proton dissociative contamination.



addition, different reactions exhibit strongly differentW dependences. The total photoproduc-
tion cross section and the photoproduction of light VM show weak energy dependences, typical
of soft, hadron–hadron processes. In contrast, increasingly steepW dependences are observed
with increasing mass orQ2. In detail, theW dependences are investigated using a parameterisa-
tion inspired by Regge theory, in the form of a power law with alinear parameterisation of the
effective trajectory

σ ∝W δ, δ = 4 (αIP − 1), αIP (t) = αIP (0) + α′ · t. (1)
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The interceptαIP (0) of the effective trajectory quantifies the energy dependence of the
reaction fort = 0. The evolution ofαIP (0) with µ2 is shown in Fig. 4-left. Light VM production
at smallµ2 gives values ofαIP (0) <∼ 1.1, similar to those measured for soft hadron–hadron
interactions [33]. In contrast larger values,αIP (0) >∼ 1.2, are observed for DVCS, for light VM
at largeQ2 and for heavy VM at allQ2. This increase is related to the large parton densities in the
proton at smallx, which are resolved in the presence of a hard scale: theW dependences of the
cross section is governed by the hardx−λ evolution of the gluon distribution, withλ ≃ 0.2 for
Q2 ≃ M2

J/ψ. TheW dependences of VM cross sections, measured for differentQ2 values, are
reasonably well described by pQCD models (not shown). In detail these are however sensitive
to assumptions on the imput gluon densities in the domain10−4 <

∼ x <∼ 10−2 which is poorly
constrained by inclusive data [25,34].

The slopeα′ in eq. (1) describes the correlation between thet andW dependences of the
cross section. The measurement of the evolution witht of theδ exponent can be parameterised
as aW dependence of theb slopes, withb = b0 + 4α′ lnW/W0. In hadron–hadron scattering,
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positive values ofα′ are measured, withα′ ≃ 0.25 GeV−2 [35]. This shrinkage of the diffractive
peak indicates the expansion with energy of the size of the interacting system, i.e. the expansion
of the gluon cloud in the periphery of the interaction. HERA measurements are presented in
Fig. 4-right. The values ofα′ are positive and appear smaller than in hadron–hadron interactions,
also forρ photoproduction. This suggests a limited expansion of the systems considered here on
the relevant interaction time scale. In a BFKL approach,α′ is related to the averagekt of gluons
around the ladder in their random walk, and is expected to be small [36].

4 Q2 dependences in DVCS and VM production

The description of theQ2 dependences of the cross sections is a challenge, in view of the pres-
ence of higher order corrections and of non-perturbative effects, especially for transverse VM
production.

4.1 DVCS

The DVCS cross section depends on the proton GPD distributions. To investigate the dynamical
effects due to QCD evolution, theQ2 dependence has been measured and studied [13] as a
function of the dimensionless scaled variableS,

S =
√

σDV CS Q4 b(Q2) / (1 + ρ2),

which removes the effects of the photon propagator and of theQ2 dependence of theb slope, and
of the ratioR of the imaginary parts of the DVCS and DIS amplitudes,

R =
ImA(γ∗p→ γp)t=0

ImA(γ∗p→ γ∗p)t=0

= 4

√

π σDV CS b(Q2)

σT (γ∗p→ X)

√

1 + ρ2,



with σT (γ∗p→ X) = 4π2αEMFT (x,Q2)/Q2, FT = F2−FL andρ = ReA/ImA determined
from dispersion relations [31].
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Figure 5-upper-left shows a weak rise ofS with Q2, which is reasonably well described
by the GPD model [30] using the CTEQ PDF parameterisation [37]. The large effect of skewing
is visible in Fig. 5-lower-left, where the variableR takes values around2, instead of1 in the
absence of skewing. GPD calculations [30] compare well withmeasurements, whereas the same
figure shows that it is not sufficient to include only the kinematic contribution to skewing, and
that theQ2 evolution of the GPD must also be taken into account.

4.2 Vector mesons

The elastic production cross sectionsρ, ω, φ andJ/ψ are shown in Fig. 5-right, as a function of
the scaling variable (Q2+M2

V )/4 (for readability, theJ/ψ cross sections have been multiplied by
2) 2. It is striking that, whereas light VM andJ/ψ production cross sections for the same value
of Q2 differ by orders of magnitude (see Fig. 3-left forQ2 = 0), they are close when plotted as
a function of the scaling variable (Q2+M2

V )/4, up to the factors accounting for the VM charge

2Whereas the H1 and ZEUS measurements forρ agree well,φmeasurements of ZEUS are a factor 1.20 above H1.
When an improved estimation of the proton-dissociation background, investigated for the latest ZEUSρ production
study [2], is used to subtract this background in theirφ analysis, the cross section ratio of the two experiments is
reduced to 1.06, which is within experimental errors.



content (ρ : φ : J/ψ = 9 : 2 : 8) 3. This supports the dipole approach of VM production at high
energy.

The cross sections are roughly described by power laws1/(Q2+M2
V )n, withn ≃ 2.2−2.5.

The simplen = 3 dependence expected in a two-gluon approach for the dominant longitudinal
cross sections is modified not only by an additional factor1/Q2 in the transverse amplitudes, but
also by theQ2 dependence of the gluon distribution at smallx, described by the DGLAP evo-
lution equations. Calculations using thekt-unintegrated gluon distribution model of MRT [23]
or the GPD model [28] (not shown) give reasonable descriptions of the (Q2+M2

V ) dependences.
However, in detail, a good description necessitates the precise modelisation of theQ2 depen-
dence of the longitudinal to transverse cross section ratioR, with non-perturbative effects affect-
ing σT . Dipole models using different saturation and WF parameterisations, e.g. the FSS [15],
KMW [16] and DF [17] models, attempt at describing VM production over the fullQ2 range,
including photoproduction, with reasonable success.

5 Matrix elements and σL/σT

Measurements of the VM production and decay angular distributions give access to spin density
matrix elements, which are related to the helicity amplitudesTλV λγ [38]. Analyses ofρ, φ and
J/ψ photo- and electroproduction indicate the dominance of thetwo s-channel helicity conserv-
ing (SCHC) amplitudes, the transverseT11 and the longitudinalT00 amplitudes, In the accessible
Q2 ranges,J/ψ production is mostly transverse, whereas for light VM electroproduction the
longitudinal amplitudeT00 dominates (see Fig. 6a and Fig. 7a). Inρ andφ electroproduction, a
significant contribution of the transverse to longitudinalhelicity flip amplitudeT01 is observed.
The amplitude ratioT01/T00 decreases withQ2 (Fig. 6b) and increases with|t| (Fig. 6d), as
expected (see e.g. [24]); the SCHC amplitude ratioT11/T00 decreases with|t| (Fig. 6c) .
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The dotted lines represent the SCHC approximation.

Figure 7 presents measurements of the longitudinal to transverse cross ratioR = σL/σT ≃
|T00|

2/|T11|
2 (in the SCHC approximation). The behaviourR ∝ Q2/M2

V predicted for two-
gluon exchange is qualitatively verified for all VM production, in fixed target and HERA ex-

3For detailed comparisons, modifications due to WF effects, as observed in VM electronic decay widths, may need
to be taken into account.



periments. This is shown in Fig. 7-left, whereR is plotted as a function of the scaled variable
Q2 ·M2

ρ/M
2
V . However, theQ2 dependence is tamed at large values ofQ2, a feature which is

expected and relatively well described by pQCD based calculations, e.g. the GPD model [28],
thekt-unintegrated models [23,24] or the dipole model [16].
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The cross section ratioR for ρ electroproduction is also found to depend very signifi-
cantly on the dipion massMππ (not shown), in line with theQ2/M2

V dependence if the relevant
mass is the dipion mass rather than the nominalρ resonance mass. Following the MRT model
approach [23], this suggests a limited influence of the WF on VM production.

Figure 7-right shows that no strong dependence ofR withW is observed. Since transverse
amplitudes are expected to include significant contributions of large dipoles, with a soft energy
dependence, this suggests that large dipoles are also present in longitudinal amplitudes, due to
finite size effects, i.e. a smearing ofz away fromz = 1/2. On the other hand, in the domain
Q2 >

∼ 10−20 GeV2, no strong dependence ofR withW is expected from models. It should also
be noted that a significant phase difference is observed between the two dominant amplitudes,
T00 andT11 [3]. This indicates a difference between the ratios of the real to imaginary parts of
the forward amplitudes. Since these ratios are given bylog 1/x derivatives of the amplitudes, the
phase difference is an indication of differentW dependences.

6 Large |t|; BFKL evolution

Large values of the momentum transfer|t| provide a hard scale for diffractive processes in QCD,
with the dominance of the proton dissociative channel for|t| >∼ 1 GeV2. It should be noted that
for large |t| production, a hard scale is present at both ends of the exchanged gluon ladder. No



strongkt ordering is thus expected, which is typical for BFKL evolutions for sufficiently high|t|
values. This is at variance with largeQ2 VM production at low|t|, where a large scale is present
at the upper (photon) end of the ladder and a small scale at theproton end, implying that these
processes are expected to be described by DGLAP evolutions,with strongkt ordering along the
ladder.
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For |t| larger than a fewGeV2, thet dependences of the cross sections follow power laws,
both for ρ [4] andJ/ψ [8] photoproduction. As shown by Fig. 8-left, they are well described
by pQCD calculations based on the BFKL equations with fixedαs [39]; predictions using the
DGLAP evolution [40] also describe theJ/ψ data for|t| <∼m2

ψ. BFKL calculations describe the
W evolution (Fig. 8-right), at variance with DGLAP, but do notdescribe well the spin density
matrix elements. Forρ, φ andJ/ψ photoproduction with|t| >∼ 2 GeV2, the slopeα′ of the
effective Regge trajectory tends to be slightly negative, but are compatible with 0.

7 Conclusions

In conclusion, studies of VM production and DVCS at HERA provide a rich and varied field for
the understanding of QCD and the testing of perturbative calculations over a large kinematical
domain, covering the transition from the non-perturbativeto the perturbative domain. Whereas
soft diffraction, similar to hadronic interactions, dominates light VM photoproduction, typical
features of hard diffraction, in particular hardW dependences, show up with the developments
of hard scales provided byQ2, the quark mass or|t|. The size of the interaction is accessed
through thet dependences. Calculations based on pQCD, notably usingkt-unintegrated gluon
distributions and GPD approaches, and predictions based onmodels invoking universal dipole–
proton cross sections describe the data relatively well. The measurement of spin density matrix



elements gives a detailed access to the polarisation amplitudes, which is also understood in QCD.
Large|t| VM production supports BFKL calculations.
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