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Recent results from the H1 and ZEUS experiments are reviewed. The cross sections of elastic
photo- and electroproduction of the vector mesonsφ andJ/ψ are measured as functions ofQ2,W
and t. The large statistics and the large coverage int andW allow the determination of the
effective Regge exchange trajectories, which are found to be different from the soft pomeron
trajectory. Shrinkage is observed in theJ/ψ photoproduction.
Helicity analyses are used to determine the spin density matrix elementr04

00 and theQ2 dependence
of the ratio of the cross sections for longitudinally and transversely polarised photons. S-channel
helicity conservation (SCHC) is confirmed forJ/ψ production
While the properties of theφ production put it in a position between “soft” and “hard” diffraction,
theJ/ψ production shows “hard” features already in photoproduction. All observed properties are
consistent with the view of the production process as a photon inducedqq̄ pair scattering off the
proton, thereby forming a vector meson. pQCD-based models are able to give a fair description
of the data when at least one of the involved scales reaches a large value. TheJ/ψ data show some
sensitivity to the parameterisation of the gluon distribution in the proton.

Finally, an analysis of Deep Virtual Compton Scattering is reported. Thet dependence of the cross

section is measured for the first time. Measurements of theW andQ2 dependences of the DVCS

cross section are also presented. A pQCD-based model with calculations in next-to-leading order

describes the data rather well.
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1. Introduction

The diffractive, exclusive vector meson (VM) production process,

ep → eVY, with V = ρ◦,ω,φ,J/Ψ,Ψ′,ϒ, (1.1)

and withY being either a proton (elastic scattering) or a low mass hadronic system (proton dis-
sociative scattering), has been extensively studied at theep collider HERA. Detailed reviews are
given in [1, 2]. Particular interest is given to the theoretical description of this process in pertur-
bative QCD (pQCD), which can be applied at large values of the physics scales involved, i.e. the
squared momentum exchangesQ2 andt at the respective photon and proton vertices, and the VM
massMV . Thus, exclusive VM production at HERA spans the whole range from “soft” diffraction,
described by Regge phenomenology, to “hard” diffraction, where pQCD can be applied.
The QCD description of the diffractive process involves the exchange of several partons, in the
simplest form a colour-singlet pair of gluons. While the standard parton distribution functions
(PDFs), extracted from the inclusive scattering process, do not contain information about correla-
tions between partons, the process (1.1) in principle offers the possibility tolearn more about these
correlations, which are encoded in the generalized parton distributions (GPDs)[3]. This is however
complicated by the presence of the VM wave function in the final state description. Deep virtual
Compton scattering (DVCS),ep → epγ, where a real photon is produced in diffractive scattering,
does not have this complication. The mass difference between the virtual and real photons makes
it necessary to consider momentum differences between the gluons in the pair exchange, and this
process is currently seen as a promising tool for the measurement and theoretical development of
GPDs[4].
The present report describes recent high statistics measurements carried out by the H1 and ZEUS
collaborations, of exclusive photo- and electroproduction of the vectormesonsφ andJ/ψ. A recent
measurement of DVCS is also discussed.

2. Exclusive φ and J/ψ production

The ZEUS collaboration has measured the cross section for exclusiveφ electroproduction[5].
In 65 pb−1 of data,∼3600 events in the decay modeφ→ K+K− were found in the kinematic range
2 < Q2 < 70 GeV2, 35< W < 145 GeV and|t| < 0.6 GeV2.
The H1 collaboration presents a recent high statistics study of exclusive photo- and electroproduc-
tion of J/ψ[6], at |t| < 1.2 GeV2 in 55 pb−1 of data. The electroproduction sample, which uses
the µ+µ− decay mode, has the kinematic range 2< Q2 < 80 GeV2 and 40< W < 160 GeV. In
the photoproduction sample, which uses also thee+e− decay mode, theW range is 40< W < 305
GeV, due to the use of the backward silicon tracker BST in identifying thee+e− decay.
The dependence of theφ andJ/ψ cross sections on these kinematic variables was measured and
investigated.

2.1 The W dependence

Figure 1 shows theW dependence for the cross sections ofJ/ψ photo- and electroproduction.
The same steep increase withW is seen in photoproduction and electroproduction. The power
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δ, obtained from fits to the formW δ to the data, is about 0.75 for all values ofQ2. For theφ
production, corresponding fits in several bins ofQ2 give lower valuesδ ∼ 0.4, without significant
Q2 dependence. This can be compared with previous measurements for the light vector mesons
ρ andω, whereδ ∼ 0.2 has been found. The results confirm the expected increased steepness of
theW dependence with increasing quark mass. In this respect, theφ meson seems to occupy an
intermediate position between “soft” and “hard” diffractive production. In QCD, this behaviour
of the cross section can be directly related to the increase of the gluon density in the proton at
decreasingx (which at any givenQ2 value corresponds to increasingW ). The presentJ/ψ data
show that the description with QCD models is sensitive to the used gluon distributions[6].
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Figure 1: Cross-section of elasticJ/ψ production as a function ofW in the range|t| < 1.2
GeV2. The lines are the results of fits to the formW δ for the H1 data. (a) Photoproduction, (b)
electroproduction, with 3 bins ofQ2.

2.2 The t dependence

In both analyses thet dependence of the cross sections have been fitted to the exponential form
ebt . For theφ production valuesb ∼ 5−6 GeV−2 are found, forJ/ψ productionb ∼ 4 GeV−2. No
significantQ2 dependence is found in either analysis, although the precision of the data does not
exclude a decrease ofb with increasingQ2. These results can be compared with corresponding
values for light vector meson production, whereb ∼ 7 GeV−2 and a decrease ofb with increasing
Q2 is found. Considering that the slopeb can be related to the radii of the scattered particles,
b ∝ R2

p
⊕

R2
qq̄, and thatR2

p ∼ 4 GeV−2, the data support the picture of photon-proton diffractive
scattering as a process where the photon forms aqq̄ pair, which scatters off the proton to form a
vector meson. The size of theqq̄ pair gets smaller with increasing quark mass (and/or increasing
Q2) and at large values becomes negligibly small compared to the proton size.

2.3 The combined W and t dependence

In models based on Regge phenomenology, the energy dependence of the cross section follows
a power law,dσ/dt = dσ/dt|t=0,W=W0 ·e

b0t(W/W0)
δ , with δ = 4(α (t)−1). The large statistics in

the double differential cross sectiond2σ/dtdW makes it possible to extract the “effective” Regge
trajectoryα (t) of the exchange. Figure 2a shows theφ cross sectiondσ/d|t| as a function ofW in
five bins of|t|. Fits to the formW δ result in the data pointsα (〈t〉) of figure 2b. The linear fitα (t) =

α (0)+ α ′ · t to these data points yields the “effective” Regge trajectory forφ production,α (t) =

(1.10± 0.2± 0.2)+ (0.08±0.09± 0.08) t. The value ofα ′ is smaller than the “soft pomeron”
value 0.25[7], also shown in figure 2b.
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Figure 2: (a) Differential cross-
sectiondσ/d|t| as a function ofW , for
five bins oft atQ2 = 5 GeV2. Full lines
are results of fits to the formW δ .
(b) The extracted values ofα (t). The
full line is a fit of the linear formα (t)=

α (0)+ α ′t. The dotted line is the soft
Pomeron trajectory [7].

In the H1 analysis ofJ/ψ production, 1-dimensional fits of theW dependence to the formW δ are
also made in several bins oft, for photoproduction and electroproduction data. The resulting val-
ues ofα (〈t〉) are shown as data-points in figure 3a. 2-dimensional fits of the combinedW andt
dependence determine the parametersb0,α (0) andα ′ (W0 is fixed to 90 GeV, the value is of no con-
sequence for the fits). These fits are also shown in figure 3a, and agree well with the 1-dimensional
points. The results are incompatible with the soft pomeron trajectory, both in photoproduction
and electroproduction. The latter result,α (t) = (1.183±0.0.054±0.0.030)+ (0.019±0.139±
0.076) t, obtained at〈Q2〉= 8.9 GeV2, is within errors compatible with the photoproduction result,
α (t) = (1.224±0.0.010±0.0.012)+ (0.164±0.028±0.030) t.
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Figure 3: (a) Effective trajectoryα (t) as a function of|t| in the range 40< W < 305 GeV for
photoproduction and 40< W < 160 GeV for electroproduction (〈Q2〉 = 8.9 GeV2). The 1- and
2-dimensional fits are discussed in the text. (b,c) Slope parameterb(W ) as a function ofW in the
range|t|< 1.2 GeV2 for (b) photoproduction and (c) electroproduction. Data points are the results
of 1-dimensional fits to the formdσ/dt ∝ ebt in bins ofW , curves show the 2-dimensional fits.

The parameterα ′ relates thet andW dependences and, if non-zero, leads to “shrinkage” of the
diffractive peak with increasingW . Significant shrinkage is thus observed for the photoproduction
of J/ψ. Alternatively, this can be demonstrated from the values ofb = b0+4α ′ ln(W/W0), obtained
from fits of thet distribution to the formebt in bins ofW . These values are shown in figures 3b and
3c, with the 2-dimensional fit results (curves) in very good agreement.

2.4 Angular analysis and the Q2 dependence

The analysis of the angular distributions as a function ofQ2 gives information on the ratio
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of longitudinal to transverse cross sections,R = σL/σT , where the virtual photon-proton cross
sectionσγ∗p→φp ≡ σT + εσL. Under the assumption of S-channel helicity conservation, SCHC
(this approximation is valid here, as demonstrated in other, earlier analyses), R can be determined
from the spin density matrix element (SDME)r04

00, R = 1/ε · r04
00/(1− r04

00), where the flux ratioε
has a value close to unity in the experimental range.r04

00 is extracted from the distribution of the
polar decay angleθ∗ in theφ or J/ψ rest system,dσ/d cosθ∗ ∝ 1+ r04

00 +(1−3r04
00)cos2θ∗. For

theφ data, figure 4a shows the resultingQ2 dependence of R. TheQ2 dependence ofσL andσT for
φ production are shown separately in figure 4b, with the longitudinal cross section dominating at
large values ofQ2.

In figure 4 two pQCD-based models are compared to the data, both of which give a reasonable
description at larger values ofQ2. The prediction of the FS04 model[8] is somewhat closer to the
data than is the MRT prediction[9], although both models fail to describe the data at lowQ2 values.
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(b) Figure 4: (a) RatioR = σL/σT
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In the analysis of theJ/ψ data further angular distributions were used, to determine besider04
00

several more SDMEs. In particular, the relationr1
1−1 = (1− r04

00)/2, which results from SCHC, was
found to hold within experimental errors. Thus the validity of the assumption ofSCHC is verified
experimentally for exclusiveJ/ψ production.
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Figure 5: J/ψ production cross sections for lon-
gitudinally and transversely polarised photonsσL

andσT as a function ofQ2. Curves show MRT[9]
QCD calculations with several different gluon
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The cross sectionsσL andσT for J/ψ production, determined fromr04
00 andR in the same way as

for φ production, are shown in figure 5 as a function ofQ2. At Q2 ∼ M2
J/ψ they are of similar

magnitude, whileσT dominates at lower values ofQ2. The MRT model predictions are compared
to the data, with several different gluon distribution parameterisations, andare in good agreement.
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3. Deep Virtual Compton Scattering, DVCS

The H1 collaboration presents an analysis of the DVCS process[10], using two e+p data
samples corresponding altogether to∼ 46 pb−1. The kinematic range of the∼ 1240 events is
2 < Q2 < 80 GeV2 and 4< Q2 < 80 GeV2 (due to different trigger conditions in the two samples),
3 < W < 140 GeV and|t| < 1 GeV2. The final state of the DVCS reaction,e+ + p → e+ + p +γ,
consists only of a photon and a positron (the scattered proton is not detected). It is indistinguishable
from the Bethe-Heitler (BH) bremsstrahlung process, which constitutes animportant background.
Two samples are therefore used: the DVCS sample, where the scattered positron is detected in
the backward calorimeter SpaCal and the photon in the Liquid Argon calorimeter (LAr), and the
BH sample, where the positron is detected in LAr and the photon in SpaCal. Thelatter sample
occupies a phase space region where the DVCS process is much suppressed, and can thus be used
to normalise the bremsstrahlung background, which can be exactly calculated in both phase space
regions. Since the interference term in the total cross section,σ = σDVCS +σBH + IBH,DVCS, is∼ 0
due to the fact that the angle between the positron and proton in the transverse scattering plane is
integrated over, the DVCS cross section can be measured by subtracting the BH cross section from
the total cross section in the relevant phase space region.
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Figure 6: (a) DVCS cross-section differential int, for two values ofQ2 andW . Lines show
the results of fits to the forme−b|t|. (b) DVCS cross-section differential inW , for two values of
Q2 and with|t| < 1 GeV2. Lines show the results of fits to the formW δ .

The t dependence of the cross section, shown in figure 6a for 2 values of〈Q2〉, is here measured
for the first time. Fitting to the formebt , the combined value for the slope at〈Q2〉 = 8 GeV2 is
obtained,b = 6.02±0.35±0.39 GeV−2. For model calculations this is an important measurement,
since proper normalisation is now possible (previously an assumed value ofb = 7±2 GeV−2 was
used).
TheW dependence of the DVCS cross section is shown in figure 6b. Fitting to the form W δ , the
combined value is obtained,δ = 0.77±0.23±0.19. The steepW dependence is thus similar to the
behaviour observed forJ/ψ production, while thet dependence is similar to the behaviour observed
for light vector mesons.

pQCD calculations have been performed in next-to-leading order (NLO),usingQ2 as hard scale. As
mentioned above, generalized parton distributions have to be considered.One such calculation[11]
is shown in figure 7, for two different PDFs. In the model calculations, these PDFs are used as
starting point, and the momentum difference for the two exchanged gluons is generated dynami-
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cally. As seen in figure 7, a fair description of the cross section is given,both in theQ2 dependence
and in theW dependence.
Alternative models (not shown), based on a colour dipole picture of the scattering[12, 13, 14], are
also able to describe the data well.
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Figure 7: (a) DVCS cross-section differential inQ2, for W = 82 GeV and|t| < 1 GeV2. (b)
DVCS cross-section differential inW , for Q2 = 8 GeV2 and|t| < 1 GeV2. Curves show QDC
predictions at NLO by Freund et al.[11], based on MRST 2001 and CTEQ6 PDFs.
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