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Abstract

Recent experimental results on diffractive vector meson production and deeply virtual Compton scattering from the
H1 and ZEUS collaborations are reviewed.
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1. Introduction

HERA was an electron-proton collider at DESY in
Hamburg [1]. Electrons or positrons of 27.5 GeV were
scattered on protons of 920 GeV (at the end of HERA
operation - reduced to 575 GeV and 460 GeV). The
center-of-mass energy was

√
(s) = 318 GeV (

√
(s) =

252, 225 GeV).

1.1. Deep Inelastic Scattering

The scattering of electrons (positrons) off protons is
one of the sources of our knowledge about fundamen-
tal processes. The ep interaction may proceed via the
exchange of either a neutral boson, γ or Z0 (neutral
current) or a charged boson W± (charged current) [2].
Depending on the value of the four-momentum transfer
squared, the ep interactions can be classified as deep
inelastic scattering (DIS), where the electron scatters
off the proton with a four-momentum-transfer squared
(virtuality of the exchanged boson) sufficiently large to
probe the proton at distances much smaller then its ra-
dius, or photoproduction, where a quasi-real photon is
exchanged.

DIS may be described using the following variables:
virtuality of the exchanged photon, Q2, the Bjorken
scaling variable, x, and the fraction of the electron mo-
mentum transferred to the proton in its rest system, y.
These variables are not independent but are connected
by the relation Q2 = x · y · s.

1.2. Diffraction
In diffraction, no quantum numbers are exchanged.

This processes can be described in the framework of
Regge phenomenology as well as in perturbative Quan-
tum Chromodynamics (pQCD).

In Regge theory [3], the exchanged object between
the proton and the diffractive system X is a ’Regge tra-
jectory’, which is parametrized to be linear,

αR(t) = αR(0) + α′ · t .

In the case when the trajectory carries the quantum
numbers of the vacuum, it is called the Pomeron tra-
jectory [4] and the exchanged object - the Pomeron.
Diffractive cross-sections at high energies can be
parametrized as a function of the photon-proton center-
of-mass energy,W, as well as a function of the four-
momentum transferred squared at the proton vertex, t,
and can be written in the form:

dσ
dt
∝ eb(W)·t

(
W
W0

)4(αIP(t)−1)

σtot ∝

(
W
W0

)2(αIP(0)−1)

with b(W) = b0 + 4α′ · ln
(

W
W0

)
· t .

From a fit to all peripheral hadronic scattering and
total cross-section data Donnachie and Landshoff [5]
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found the following universal parametrization of the
Pomeron trajectory :

αIP(t) = 1.08 + 0.25 · t.

Processes which are described by this trajectory are
called soft diffraction processes. The predictions from
Regge theory for soft diffraction are a power law behav-
ior of the cross section as σ(W) ∝ Wδ with δ ≈ 0.22
and an exponential drop of the differential cross section
as a function of t with an increasing slope, b(W), as W
increases.

This last fact is called shrinkage. The slope parame-
ter b is proportional to r2, where r is a measure for the
extension of the interacting objects. With increasing W
also r increases which means that the scattering objects
get bigger.

In hard diffraction, the virtual photon splits into a
quark-antiquark pair and, in the simplest approach,
two gluons which form a colorless object are emitted
from the proton and couple to the quark-antiquark
pair. In higher orders of pQCD, the exchanged gluon
system is commonly treated as a BFKL-type ladder
[6]. Various pQCD inspired models exist for hard
diffractive scattering. All these models predict little or
no shrinkage.

Ideal processes to study the transition from soft to
hard diffraction are exclusive production of Vector Me-
son and Deeply Virtual Compton Scattering (DVCS).

1.3. Exclusive Vector Meson Production
At high-energies, exclusive production of vector me-

son (V), ep → eVY , where Y denotes the system
into which the proton dissociates, can be described in
terms of the Vector Dominance Model (VDM) [7] plus
Regge theory providing a framework in which exclu-
sive vector-meson production is understood as a quasi-
elastic scattering where the incoming vector-meson is
off mass-shell. The situation is graphically shown in
Fig. 1.

*γ

Figure 1: Exclusive vector-meson production in the VMD-Regge
framework.

γ

Figure 2: Exclusive vector-meson production as a pQCD process.

In pQCD, exclusive vector-meson production pro-
ceeds according to Fig. 2. The virtual photon splits into
a quark-antiquark pair with relative momentum frac-
tions z and 1 − z. In lowest order, two gluons are ex-
changed between the proton and the quark-antiquark
pair which recombines afterwards to form the vector-
meson. The transverse separation, r, of the quark and
antiquark is given in pQCD by :

r2 = [z(1 − z)Q2 + m2
q]−1 .

Here mq is the mass of the quark(antiquark) of which
the vector-meson is composed. Perturbative QCD is ex-
pected to be applicable when the transverse dimension,
r, of the quark-antiquark system gets small. This hap-
pens when either Q2 or mq get big. pQCD models pre-
dict a rise of the cross-section like σ(W) ∝ Wδ with
δ ≈ 0.8 which is faster than expected from Regge
theory. The slope of the t-distribution is predicted to
be b ≈ 4 GeV and α′ ≈ 0. This means no or lit-
tle shrinkage. The conditions under which exclusive
vector-meson production is a hard diffractive process
that can be described by pQCD models will be inves-
tigated in the rest of this section.

1.4. Deeply Virtual Compton Scattering

The DVCS process is similar to diffractive vector
meson production, where in the final state a real photon
is observed instead of the vector meson. In lowest
order of pQCD calculations, this exchange involves
two gluons in a colourless configuration with different
longitudinal and transverse momenta. These unequal
momenta arise as a consequence of the mass difference
between the incoming virtual photon and the outgoing
real photon. The DVCS amplitude factorizes into a
hard-scattering part, calculable in pQCD and a soft part
which can be absorbed into the general patron distribu-
tions (GPDs) [8]. The cross section at sufficiently large
Q2 is expected to rise steeply with increasing W, due
to the rise of the parton densities in the proton towards
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small values of the Bjorken scaling variable x.

The exclusive production of the vector mesons ρ, ω,
φ, J/ψ, ψ′ and Υ [9, 10, 11, 12, 13, 14, 15] as well
as Deeply Virtual Compton Scattering (DVCS) [16, 17]
have been studied by the H1 and ZEUS experiments.
The data from both experiments allow to investigate the
transition from soft to hard regimes as a function of the
various scales, MV , t and Q2.

2. δ dependence as a function of invariant-mass

The transition from the soft to the hard regime has
been observed by studying the energy dependence of
the cross section for different vector mesons in elastic
photoproduction processes. The results are compiled in
Fig. 3. The W-dependence of the cross section of the
light vector-mesons (ρ, ω, φ) is described by Regge phe-
nomenology. For higher mass vector mesons, the rise of
the cross section with W gets steeper. This indicates the
on-set of hard diffractive scattering.

Figure 3: Cross sections as a function of Wγp of elastic photopro-
duction of ρ, ω, φ, J/ψ,ψ′ and Υ vector mesons. The solid lines are
functions of Wδ [18].

The H1 experiment has measured the exclusive
photoproduction of J/ψ as a function of W for nominal
and reduced energy in the centre-of-mass (Fig. 4) [19].
This allows to extend the phase-space toward lower W
values. The measured cross section has been fitted with
the function Wδ, resulting in a value δ = 0.81 ± 0.08,

in good agreement with earlier measurements, indicat-
ing that the process is hard.

Figure 4: The cross section as a function of Wγp for elastic J/ψ pho-
toproduction.

In the same experiment, the H1 collaboration also
measured the energy dependence of the cross section
for the proton-dissociation process, (Fig. 5), and
obtained a value δ = 0.55 ± 0.09.

Figure 5: The cross section as a function of Wγp for proton dissocia-
tive J/ψ photoproduction.

The pQCD description of high mass photoproduction
has also been confirmed by the ZEUS collaboration in
the measurement of the Υ cross section. The results are
presented in Fig. 6. The steep energy dependence pre-
dicted by pQCD inspired models is borne out by the
data.
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Figure 6: The cross section as a function of Wγp for Υ photoproduc-
tion.

3. δ dependence as a function of Q2

The transition from soft to hard regime can be inves-
tigated by varying Q2 for a given vector meson. The
following results have been provided for the light vec-
tor meson ρ by the H1 (Fig. 7) and the ZEUS (Fig. 8)
experiments.
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Figure 7: W dependence of the γ∗p cross sections for elastic ρ meson
production at different Q2 values, as measured by the H1 collabora-
tion. The lines are the results of the power law fits.
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Figure 8: The cross section as a function of Wγp for elastic ρ meson
production at different Q2 values, as measured by the ZEUS collabo-
ration. The lines are the results of the power law fits.

The W dependence becomes steeper with increasing
Q2. The W dependence is parametrized by a power
law function, and the results of the fit are compiled in
Fig. 9. The value of δ increases with Q2 + M2 to the
value obtained for heavy vector mesons.
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Figure 9: The value of the δ parameter for a selection of vector mesons
and DVCS, as a function of Q2 + M2
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The transition from soft to hard regime can also be
measured in the DVCS process. The γ∗p DVCS cross
section, σγ

∗p→γp, as a function of W for the H1 and the
ZEUS experiments is presented in Fig. 10 and Fig. 11,
respectively. The data have been fitted with the function
Wδ, and the results of this fit are collected in Fig. 12.
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Figure 10: The DVCS cross section as a function of W at three values
of Q2. The solid lines represent the results of fits of the form Wδ. The
inner error bars represent the statistical errors, the outer error bars the
statistical and systematic errors added in quadrature [16].

ZEUS

1

10

10 10
2

ZEUS 61 pb-1

ZEUS 96-00
δ

0.44±0.19

0.75±0.17

0.84±0.18

0.76±0.22

Q2=2.4 GeV2

Q2=6.2 GeV2

Q2=9.9 GeV2

Q2=18 GeV2

W (GeV)

σγ*
p

 →
 γ

p
 (

n
b

)

Figure 11: The DVCS cross section, σγ
∗ p→γp, as a function of W.

The solid lines are the results of a fit of the form σγ
∗ p→γp ∝ Wδ. The

values of δ and their statistical uncertainties are given in the figure.
The inner error bars represent the statistical uncertainty, the outer error
bars the statistical and systematic uncertainties added in quadrature
[17].

Within the present accuracy the results do not show
evidence for a Q2 dependence of δ. This result is similar
to that obtained for the exclusive production of J/ψ .

Figure 12: The δ values from DVCS as a function of Q2 for the H1
and ZEUS experiments. The inner error bars represent the statistical
uncertainty, the outer error bars the statistical and systematic uncer-
tainties added in quadrature.

4. t dependence

The differential cross section, dσ/dt, has been
parametrized by an exponential function ebt, where the
b slope determines the size of the interactions region
which depends on the proton radius and on the size of
the produced vector meson. In case of photoproduction
of light vector mesons, the photon is large and so is the
vector meson. Thus one expects a large value for the
slope. As the scale gets larger, either Q2 or the vector-
meson mass, b gets smaller and measures the size of the
proton. Below are presented some recent measurements
of the slopes of Υ, J/ψ and DVCS.

4.1. Photoproduction of Υ

The measured |t| distribution for exclusive Υ photo-
production is presented in Fig. 13.
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Figure 13: Measured |t| distribution (full dots) with error bars denoting
statistical uncertainties. Fitted distributions for simulated events are
shown for the Bethe-Heitler (dashed line), exclusive Υ(1S ) (dotted
line) and proton dissociative Υ(1S ) (dashed-dotted line) processes.
The solid line shows the sum of all contributions [20].
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The value of the slope parameter for exclusive Υ(1S )
has been determined. The contribution of all processes
was obtained by using simulated distributions [20]. Due
to insufficient statistics it was not possible to evalu-
ate the contribution of proton-dissociative Υ(1S ) events
in the final sample with the present data. However,
the fraction of such events, fpdiss, is expected to be
similar in all diffractive vector-meson production pro-
cesses [21]. Therefore, a value fpdiss = 0.25 ± 0.05, de-
termined for diffractive J/ψ production [22], was used.
The values of the slope parameters for exclusive and
proton dissociative Υ(1S ) production processes differ
[23]; in the MC the value for the latter was taken to
be bpdiss = 0.65 ± 0.1 GeV−2 [22]

The fit was performed with two free parameters, the
slope b and the number of expected Υ(1S ) events in the
signal mass window. During the parameter scan, the
contribution of the exclusive Υ(1S ) production to the
t distribution was reweighted at the generator level to
the function b · exp (−b|t|). The fit yielded: b = 4.3+2.0

−1.3
(stat.) GeV−2 and 41 ± 10 Υ(1S ) events (44% of the
events in this mass window). The value of b is in good
agreement with expectations of pQCD models.

4.2. Photoproduction of J/ψ

The t dependence of the elastic cross section of J/ψ
meson photoproduction for nominal elastic (Fig. 14)
and proton dissociation (Fig. 15) as well as for the elas-
tic process at a reduced energy (Fig. 16)) has been stud-
ied by the H1 experiment.

Figure 14: The J/ψ cross section as a function of −t for elastic events
in photoproduction.

For elastic production of J/ψ the cross section has
been parametrized with the exponential function e−bt.
The value of the slope b, has been measured as b =
5.77 ± 0.19 GeV−2 and b = 4.75 ± 0.5 GeV−2 for

nominal and reduced energy of the proton beam, respec-
tively. This shows a slight dependence of the b slope on
W.

Figure 15: The J/ψ cross section as a function of −t for proton-
dissociative events in photoproduction.

Figure 16: The J/ψ cross section as a function of −t for elastic events
in photoproduction.

The differential cross section for the proton-
dissociative process as a function of −t has been
parametrized as (1 − bt/n)−n, where n is a power law.
It shows the exponential behaviour at low |t| and fol-
lows a power law at larger |t|. As expected, the proton-
dissociative process has a much shallower t dependence
than the elastic process.

4.3. DVCS

The first direct measurement of the DVCS differen-
tial cross section as a function of |t| has been measured
by tagging the outgoing proton using the leading proton
spectrometer (LPS) [24]. The data are presented in
Fig. 17 and fitted with the function e−bt.



Justyna Tomaszewska / Nuclear Physics B Proceedings Supplement 00 (2012) 1–9 7

ZEUS

|t| (GeV2)

d
σγ*

p
 →

 γ
p
 /d

t 
(n

b
/G

eV
2 )

e-b|t| fit

ZEUS LPS 31 pb-1

Q2 = 3.2 GeV2

W  = 104 GeV

b= (4.5 ± 1.3 ± 0.4) GeV-2

1

10

0.1 0.2 0.3 0.4 0.5

Figure 17: The DVCS differential cross section, dσγ
∗ p→γp/dt, as a
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The inner error bars represent the statistical uncertainty, the outer error
bars the statistical and systematic uncertainties added in quadrature.

The resulting value of the slope b has been obtained
as 4.5 ± 1.3 ± 0.4. In spite of the low acceptance and
therefore low statistics data, this is a very clean mea-
surement due to the absence of proton dissociation. The
value obtained from this direct measurement is com-
pared in Fig. 18 with those from indirect measurements
by the H1 experiment at a few Q2 values. The slopes
show no Q2 dependence.
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Figure 18: The fitted t-slope parameters b(Q2) for DVCS are shown
together with the t-slope parameters from the previous H1 [25] and
ZEUS [17] publications based on HERA I data.

A compilation of the b slope values obtained by both
HERA experiments for different vector mesons and for
DVCS are presented in Fig. 19 as a function of M2 +

Q2. The value of b decreases to an asymptotic value
of ∼ 5 GeV−2. This is a measure of the radius of the
gluons density in the proton and translates to a size of
about 0.6 fm. This values is smaller than the value of the
electromagnetic radius of the proton (around 0.8 fm).
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Figure 19: A compilation of b slope values for selected vector mesons
and for DVCS.

5. Exclusive Dipion Production

The exclusive diffractive production of vector mesons
gives not only information about the transition from the
soft to the hard region, but can also be a source of in-
formation about the electromagnetic pion form factor.
The electromagnetic pion form factor, Fπ(Mππ), can be
related to the ππ invariant-mass distribution through the
following relation [26, 27]:

dN(Mππ)
dMππ

∝ |Fπ(Mππ)|2

In the mass range Mππ < 2.5 GeV, Kuhn-Santamaria
(KS) [28] include contributions from the ρ(770),
ρ′(1450) and ρ′′(1700) resonances,

Fπ(Mππ) =
BWρ(Mππ) + βBWρ′ (Mππ) + γBWρ′′ (Mππ)

1 + β + γ
.

Here β and γ are relative amplitudes and BWV is the
Breit-Wigner distribution of the vector meson V .

The π+π− mass distribution, after acceptance correc-
tion, is shown in Fig. 20. A clear peak is seen in the
ρ mass range. A small shoulder is apparent around
1.3 GeV and a secondary peak at about 1.8 GeV.
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The two-pion invariant-mass distribution was fitted,
using the least-square method [29], as a sum of two
terms,

dN(Mππ)
dMππ

= A
(
1 −

4M2
π

M2
ππ

) |Fπ(Mππ)|2 + B
(

M0

Mππ

)n,
where A is an overall normalization constant. The sec-
ond term is a parameterization of the non-resonant back-
ground, with constant parameters B, n and M0 = 1 GeV.
The other parameters, the masses and widths of the three
resonances and their relative contributions β and γ, en-
ter through the pion form factor, Fπ. The fit, which in-
cludes 11 parameters, gives a good description of the
data. The result of the fit is shown in Fig. 20 together
with the contribution of each of the two terms. The ρ
and the ρ′′ signals are clearly visible. The negative in-
terference between all the resonances results in the ρ′

signal appearing as a shoulder.
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Figure 20: The two-pion invariant-mass distribution, Mππ, where Nππ

is the acceptance-corrected number of events in each bin of 60 MeV.
The dots are the data and the full line is the result of a fit using the
Kuhn-Santamaria parameterization. The dashed line is the result of
the pion form factor normalized to the data, and the dash-dotted line
denotes the background contribution.

5.1. Q2 dependence of the pion form factor

The Q2 dependence of the relative amplitudes was
determined by performing the fit to Mππ in three Q2

regions, 2–5, 5–10 and 10–80 GeV2. The results are
shown in Fig. 21. A reasonable description of the data

is achieved in all three Q2 regions. The absolute value
of β increases with Q2, while the value of γ is consistent
with no Q2 dependence, within large uncertainties.
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Figure 21: The two-pion invariant-mass distribution, Mππ, where Nππ

is the acceptance-corrected number of events in each bin of 60 MeV,
for three regions of Q2, as denoted in the figure. The dots are the data,
and the full line is the result of a fit using the Kuhn-Santamaria param-
eterization. The dashed line is the result of the pion form factor nor-
malized to the data, and the dash-dotted line denotes the background
contribution.

5.2. Cross-section ratios as a function of Q2

The Q2 dependence of the ρ by itself is given else-
where [10]. Since the ππ branching ratios of ρ′ and ρ′′

are poorly known, the ratio RV defined as

RV =
σ(V) · Br(V → ππ)

σ(ρ)
,

has been measured, where σ is the cross section for
vector-meson production, and Br(V → ππ) is the
branching ratio of the vector meson V(ρ′, ρ′′) into ππ.

The ratio RV for V = ρ′, ρ′′, as a function of Q2 is
presented in Fig. 22. Owing to the large uncertainties of
Rρ′′ , no conclusion on its Q2 behaviour can be deduced,
whereas Rρ′ clearly increases with Q2. This rise has
been predicted by several models [30, 31, 32, 33, 34].
The suppression of the 2S state (ρ′) is connected to a
node effect, which results in cancellations of contribu-
tions from different impact-parameter regions at lower
Q2, while at higher Q2 the effect vanishes.



Justyna Tomaszewska / Nuclear Physics B Proceedings Supplement 00 (2012) 1–9 9

       ZEUS

//
Q2 (GeV2)

R
V

 (
%

)

ρ''/ρ
ρ'/ρ

ZEUS 82 pb-1

0 5 10 15 20 70 800

2

4

6

8

10

12

14
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