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Studies of diffractive events performed by the H1 and ZEUS Collabora-
tions at the HERA ep collider are presented. The data of vector meson and
photon production, inclusive deep inelastic scattering and hadronic final
states with open charm and jets are confronted with the predictions of the
resolved Pomeron and colour dipole models.

PACS numbers: 12.38.Qk, 12.40.—y, 13.60.—r

1. Introduction

The first hints of diffraction at HERA came up with the observation of
the so-called “rapidity gap events” in ep deep inelastic scattering (DIS) [1].
About 10% of the events are characterized by a lack of hadronic particle
production in the proton hemisphere. Events with such a topology can be
attributed to the exchange of a colourless object between the interacting
proton and the virtual photon.

In hadron—hadron scattering diffractive processes are well-described in
the frame of Regge phenomenology by the exchange of the leading vacuum
singularity — the Pomeron (P) [2]. At higher energies the increase of the
total cross section is attributed to this process [3]. However, no satisfactory
relationship between the phenomenological Regge asymptotics and the gauge
theory of strong interaction Quantum Chromodynamics (QCD) exists so far.
Perturbative QCD successfully describes processes at hard scales, however
the bulk of soft processes remains rather poorly understood.

The large kinematic range accessible at HERA allows to study the tran-
sition range from hard to nonperturbative soft diffractive processes. The
point-like coupling of the virtual photons in diffractive deep inelastic scat-
tering (DDIS) allows to probes the partonic structure of the exchange. The
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resulting parton density functions (PDFs) can be used to describe diffraction
in a large variety of hard processes. The final goal of these studies is the
understanding of diffraction in terms of QCD as the fundamental theory of
strong interaction.

Over the last ten years the H1 and ZEUS experiments have analysed a
large variety of soft and hard diffractive processes. This report tries to review
the main results. It includes the production of vector mesons (VMs) and
photons in deeply virtual Compton scattering (DVCS), the measurement of
the diffractive structure function FQD ® and their interpretation in the frame
of QCD-motivated models, and the confrontation of these models with open
charm and jet final states. Detailed reports of these topics can be found in [4].

2. Kinematics

The generic graph of diffractive ep scattering is shown in Fig. 1. It is
characterized by two distinct hadronic systems X and Y resulting from the
dissociation of the virtual photon and the proton. Between both systems no
colour flow occurs resulting in a gap of particle production.

e (k)
[ }X(px)
}Y(Pv)

Fig. 1. The generic diffractive process ep — eXY.

The standard DIS variables can be defined by the 4-vectors ¢ and P of
the incoming virtual photon and proton: the photon virtuality Q? = —¢?,
the Bjorken variable z = Q2/2q - P, and the ~*p center of mass energy
W? = (q+ P)%. For a complete description of the diffractive final state three
additional variables are needed: the masses of the final states Mg( = pg(,
M%, = p%/, and the squared 4-momentum transfer t = (P — py’)?, where px
and py are the 4-momenta of the outgoing systems X and Y, and ¢ is the
squared 4-momentum transfer between v* and p.

The kinematics of diffractive processes is usually expressed in terms of
the variables:

. ZQ‘(P—PY)NM)2(+Q2 g =
PE TP W2y QT

Q* Q?
2¢- (P —py)  M%+ Q2

with zp being the fractional momentum of the incoming proton transferred
to X, and 3 can be interpreted as the fractional momentum of the quark
coupling to the photon.
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3. Selection methods

The absence of activity in the forward detectors is the main selection
criterion of diffractive events. The system Y consist of the scattered proton
or the products of the proton dissociation and escapes the central detector
via the beam pipe. The most forward particle of system X defines the
maximum pseudorapidity 7max = —In tan(6/2), where 6 is the polar angle
of the outgoing hadron. The selection of diffractive events by an 7mmpax-
cut limits xp to the range zp < 0.05 with a contribution of about 15%
p-dissociative events [5].

Another selection method is based on the direct measurement of the final
state proton by forward proton spectrometers (FPSs). The FPS consists of
movable tracking detectors along the beam line in distances up to 90 m from
the interaction point [6]. The direct measurement of the scattered proton
trajectory together with beam line optics can be used for the momentum re-
construction. In addition to the tracking detectors both HERA experiments
use calorimeters to measure leading neutrons [7].

A third selection method is based on the measurement of the mass Mx
of the virtual photon dissociation system. Diffractive processes prefer low
M states with a shape dN/dM?% o 1/M%. Hence dN/dIn(M?%) is roughly
constant and the diffractive events form a low My plateau. The amount
D of diffractive events is the excess at small Mx above the exponential fall
of the non-diffractive events parametrized by the ansatz: dN/dln M% =
D + c exp(bln M%) [8].

In case of VM production the diffractive events are identified through
their charged decay particles without other hadronic activity in the central
detectors. A large variety of VMs has been selected in this way: p — 77—,
w—atr 1 ¢ - KtK—, J/¥ — ptp~/ete™, and even smaller signals
of p', W(2S), and T [9].

4. Vector meson and photon production

For different VMs the cross section in dependence on the ~*p center
of mass energy W is shown in Fig. 2. The measurements were performed
at Q% ~ 0, integrated over the low ¢ range and corrected for the fraction
of proton dissociation [10]. It is clearly visible that the W dependence
becomes steeper with increasing VM mass. The data are fitted by a Regge-
motivated power law dependence W? and the resulting exponents increase
from § ~ 0.2 for p up to § =~ 1 for ¥(2S). A large VM mass provides
already in photoproduction a hard scale and the energy dependence of the
cross section changes. The exponent d can be related to the P intercept
ap(0) by & = 4(ap(0) — 1 — ap/B), where ap is the slope of the Pomeron
trajectory and B the exponential slope of the t distribution.
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Fig. 2. Total and VM photoproduction cross sections parametrized by W?.

The SU(4) prediction for the VM cross sections ratios, neglecting mass
differences and meson wave-functions, is: p: w: ¢: J/¥ =9:1:2:8.
The measurements approach these values in the high Q2 or ¢ range [11].
The total elastic VM cross sections as a function of (Q* + M) scaled by
the SU(4) factors are shown in Fig. 3. The values, except 7" [12], seem to
follow a universal curve. This indicates the common underlying production
mechanism at hard scales: a ¢g fluctuation of the virtual photon interacts
perturbatively with the proton and condensates subsequently into a VM
state [13].

The preferred scale to select perturbative processes is the high Q? range.
The p meson cross sections at high Q2 parametrized by W9 is shown in Fig. 4
[14]. The exponent ¢ increases steadily up to § ~ 1 at highest Q?, similar to
that of J/ ¥ photoproduction. The low ¢ range of VM cross sections is well-
described by the exponential form e~ B/, The the exponent B decrease with
increasing Q2 or the VM mass [14]. This effect is related to the transverse
size of the ¢q states which decrease with the mass or Q2. In this picture the
J/ W is already a small object in photoproduction, while the lighter p meson
becomes small only at large Q2.
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Fig.3. The VM cross sections versus Q2 + M2 scaled by SU(4) factors.
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Fig.4. The p cross section versus W for different Q2 bins.
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The high ¢ range of p, ¢ and J/ ¥ photoproduction is shown in Fig. 5 [15].
The BFKL calculation [16] gives for all three mesons a decent description,
but also a power law dependence expected for a hard production mechanism
is in good agreement with the data [17]. Hence, the large ¢ range provides
another hard scale to apply perturbative QCD calculations.
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Fig.5. The cross sections of p, ¢, and J/ ¥ versus t.

4.1. Deeply virtual Compton scattering (DVCS)

The DVCS process is similar to VM electroproduction, replacing the fi-
nal state VM by a real photon. This allows QCD calculations without the
theoretical complications related to the unknown VM wave function. The
DVCS cross section factorizes into a hard scattering cross section calculable
in perturbative QCD convoluted with the proton PDFs [18]. Another inter-
esting aspect in DVCS is the potential to constrain generalized PDFs, which
describe the correlation of partons in the proton [19].

The DVCS cross section measurements of H1 and ZEUS are combined
in Fig. 6 [20]. The steep rise of the cross section, consistent with W?°, § ~ 1,
indicates the presence of a hard process and reflects the increase of the parton

densities at smaller Bjorken z. The Q? dependence follows approximately a
Q2 behaviour.
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Fig.6. The v*p — p cross section as a function of W and Q2.

The measurements are compared to predictions of NLO QCD calcula-
tions using the MRSTO1 generalized PDFs [21] and a colour dipole model
[22]. Both approaches contain soft and hard contributions and are in reason-
able agreement with the data. Since the t distribution is unknown a slope
B =7 GeV~? was assumed.

5. Diffractive deep inelastic scattering (DDIS)

At large Q? perturbative QCD has been successfully applied to describe
inclusive DIS measurements [23]. In this context, the virtual photon can
also be used to probe the structure of the diffractive exchange. The ep —
eXY cross section is related to the reduced diffractive cross section and the
diffractive structure functions by the following formulae:

dgo'ep eXY 47T0£gm y2 D

i = 1 — Z \gPB) 2

dzdQ2dzp Q! 1=y +F)o e, Q% zp),
y2

O—TD(?’)({E?QQ?xP) - F2D(3) -

1+ (1-y?2 "

FD(S) )
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Since the outgoing proton system is not measured the structure func-
tions are integrated over the low ¢ range and corrected for the fraction of
p-dissociation. The contribution of the longitudinal structure function FI? ®)

is mostly below 1% and neglected.

5.1. The xp dependence

The H1 measurement of l’]}DUTD ®) in the low Q? range is shown in Fig. 7

[24]. The spectra are rather flat and no strong shape variations can be
observed in the different bins of # and Q2. Such a behaviour is consis-
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Fig. 7. The quantity xpa,[-J(S)

The dotted line indicates the P only contribution.

versus xp compared to a combined P and Regge fit.
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tent with the assumption of Regge factorization, which splits U»,‘D ®) into
xp dependent P and subleading Reggeon (R) flux factors and (3, Q?)-depen-
dent coefficients as shown in the following ansatz:

oP® (e, B, Q%) = fe(xp)Ap(B, Q%) + fr(zp) Ar(8, Q7).

The fluxes are parametrized by the Regge-motivated ansatz: fpgr(zp) o
xp PR where apr are the values of the P and R trajectories averaged
over the measured ¢ range. In the fit procedure the P intercept ap(0) and
the coefficients Ap (8, Q?) are free parameters, the other Regge parameters
and the ¢ dependence were taken from hadronic measurements [25]. The fit
results is shown in Fig. 7. The contribution of R exchange is clearly visible
at large xp, while the P exchange dominates the range xp < 0.01.

In Fig. 8 the values of ap(0) obtained from the xp dependence of the
diffractive cross section in different regions of Q2 are plotted. They are above
the soft P value ap(0) =~ 1.08 with the tendency to rise with increasing Q2.
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— 1.3

e -~ Inclusive
o __.

o

1.2

1.1 soft IP
' . .
1 10 10
Q? [GeV?]

Fig.8. ap(0) as a function of Q2 obtained from the xp dependence.

The ZEUS measurements of ap(0) are based on the W dependence of the
diffractive cross section. The power law dependence O'gi*é) o W was fitted
to the cross sections in different Mx ranges. The exponent a is related to
the Pomeron intercept by: a = 4ap — 4. In all Mx ranges except the low
VM mass range a rise of ap(0) with Q2 is observed [26].
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5.2. Partonic interpretation of the Pomeron

The QCD factorization theorem allows the determination of diffractive
PDFs from the DDIS measurements [27]. This theorem describes the reduced

cross section JP “ (wp,t,z,Q?) as the convolution of the perturbative QCD
partonic cross section &(x, Q?) with diffractive PDFs fP(zp,t,z,Q?).

The Q? dependence of the reduced cross section O'TD @) divided by the
flux factors fp in the range zp < 0.01 for different values of xp in bins of [ is
shown in Fig. 9. The striking feature are the strong scaling violations up to
high values of # = 0.5. Within the QCD evolution scheme such a behaviour
results from a large gluon content of the diffractive exchange. In all Q2 bins
0'71») ®) /fp is independent from xp supporting the Regge factorization ansatz
where the flux factor completely determines the xp dependence. The QCD
fit, also shown in Fig. 9, describes the Q2 evolution quite well.
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Fig.9. The quantity O‘?(S)/f[p:(l‘]p> versus Q% with the H1 NLO QCD fit.

Starting from a suitable ansatz for the quark and gluon densities at Q% =
3 GeV? the diffractive PDFs at higher Q? were obtained from the DGLAP
evolution equations [28]. The resulting NLO quark singlet Y (z,Q?%) and
gluon densities g(z, Q?) are shown in Fig. 10. Here the variable z corresponds
to the fractional parton momentum of the diffractive exchange. The quark
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Fig. 10. The diffractive quark and gluon PDFs from the QCD fit.

and gluon PDFs extend up to large z, with a substantial uncertainty of the
gluon PDF at z > 0.5. For all Q2 the gluon dominates the momentum of
the exchange consistent with a fraction of 75 4+ 15%.

The diffractive PDFs were obtained from fits to DDIS data in the range
6.5 < Q% < 120 GeV2. It is interesting to use these PDFs for extrapo-
lations of cross sections outside the fitted range. The extrapolated cross
section is in reasonable agreement with the measurements in the ranges
1.5 < Q% < 1600 GeV? confirming the gluon dominance of the diffractive
PDFs [29].

6. Forward baryon tagging

The use of the forward proton and neutron detectors completes the mea-
surements of diffractive processes in several aspect:

1. the 4-momentum transfer £ and so in principle the structure function

F2D(4) (wp,t, 3,Q?) can be measured,

2. no correction for the unknown fraction of p-dissociation are needed
(the dominant systematic error of the untagged measurements),

3. the large overlap with non-diffractive range at lower p-momentum
where the exchange of subleading Regge trajectories dominates.
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Already the first measurements of forward baryon production at HERA
have shown large contributions in the non-diffractive range xp > 0.1 [30]. In
the angular range © < 0.8 mrad, where © is the polar angle of the scattered
proton, the ZEUS experiment has measured a fraction of 6.5% neutrons and
10% protons within 0.2 < x1, < 1.0 ! and 0.6 < z1, < 0.9, respectively.
While the proton fraction in the diffractive range xy, — 1 strongly increases
the neutron contribution disappears.

The pr dependence? of the diffractive cross section v*p — Xp was mea-
sured by ZEUS using the FPS in a large range of z1,, as shown in Fig. 11
[31]. All slope values are consistent with b ~ 7 GeV 2.

Both HERA experiments have measured the structure functions with
leading baryons. Fig. 12 shows the H1 result for a particular (z, @?) bin in
the proton transverse momentum range pt < 200 MeV and 0.7 < 21, < 0.9
[32]. The data are reasonably well described by a Regge model including
P, R and 7 exchange. In the range 0.7 < z1, < 0.9 neutron production is
compatible with 7 exchange whereas proton production requires all three
contributions. As expected, the PP contribution is small in the acceptance
range but increases strongly for zp, — 1.
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Fig. 11. The slopes b of the form e~bPT as a function of 21, at different Q2.

L 2 = 1 — zp is the fractional baryon momentum

2forzL, ~ 1in good approximation t = 7p'2r/xL
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7. Hadronic final states

Apart from the inclusive DDIS measurements many other diffractive pro-
cesses are sensitive to the structure of the diffractive exchange. The diffrac-
tive PDFs obtained from the NLO QCD fit as well as other QCD models can
be tested in more complex final states. From the analysis of DDIS processes
in terms of colour dipole or the resolved Pomeron models one knows that
the diffractive exchange is dominated by gluons. Hence processes which are
mainly attributed to the boson—gluon fusion are an excellent test ground for
QCD models. In the following we select as examples the open charm pro-
duction and the dijet production which are mainly coming from boson—gluon
fusion.

7.1. Open charm production

Both HERA collider experiments have measured diffractive D*(2010)
production using the D*~D? mass difference method [33]. Fig. 13 shows the
D*(2010) cross section as a function of xp compared to the predictions of
three QCD models. The NLO predictions, based on diffractive PDFs parton
densities obtained from combined fits to the inclusive DDIS and diffractive
dijet photoproduction measurements at HERA (ACTW]|34]), describe the
cross section reasonable well in the whole zp range.
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In two other colour dipole models open-charm production is based on
the virtual-photon fluctuation into c¢¢ and ccg states that interact with the
proton via the exchange of gluon pairs. The saturation model SATRAP
with kp-ordering of the final state partons [35] agrees with the data whereas
an alternative model of Bartels et al. BJWL [36] underestimates the charm
cross section at xp > 0.01. With increasing statistics the charm data can also

be used to constrain the gluon component of the diffractive exchange. Fig. 14

D(3
shows the charm structure function F, B} a5 a function of log(3) for

different Q? and zp values. The sensitivity of this measurement to different
parametrizations of gluon-dominated PDFs is shown.

7.2. Dijet photoproduction

It has been demonstrated that jet production in hard processes can be
described by QCD models using the diffractive PDFs obtained from the
inclusive measurements [37]. The situation is more complex in photopro-
duction where additional resolved processes have to be taken into account.
These processes resemble partonic interactions in hadron—hadron scattering
different from the direct v*q DIS scattering process.

The H1 experiment has analysed diffractive dijet photoproduction for an
integrated luminocity of 18 pb~! [38]. Events with transverse jet energies
above 4 (5) GeV in the diffractive range zp < 0.03 were selected. The cross
section in dependence on the fractional parton momenta zp of the diffractive
exchange and z, of the resolved photon is presented in Fig. 15. The data
are compared to the resolved Pomeron model using gluon-dominated PDFs
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Fig.15. The dijet cross section versus the fractional parton momenta zp and x. of
the underlying subprocess compared to the resolved Pomeron model.
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for the diffractive exchange and the LO GRV photon PDFs [39]. While the
recent DGLAP QCD fit [24] gives a good description of the zp dependence
an older set of PDFs [40] overestimates the normalization by a factor ~ 1.4.
As expected the dijet cross section in the range z, > 0.6 is dominated by
the direct process. Adding the resolved contribution the model agrees with
the data in shape and normalization.

8. Conclusions

The HERA ep collider is an ideal place to study diffraction in the tran-
sition region from soft to hard processes versus different scales like the VM
mass, Q?, t, Ep and others. It has been observed that the energy depen-
dence of hard diffractive processes is steeper than those of soft processes.
This change is directly related to the increase of the Pomeron intercept up
to ap(0) =~ 1.2 in the presence of a hard scale.

The DDIS data are compared with the predictions of two classes of QCD-
motivated models: the resolved Pomeron and the colour dipole models. The
latter models are based on the fluctuation of the virtual photon into ¢g or
qqg colour dipoles and the subsequent interaction of the dipole with the
proton.

The resolved Pomeron models factorize the diffractive process into three
components: the flux of the diffractive exchange, its partonic structure and
the cross section of the basic partonic subprocess. The DDIS data can be
quite successfully fitted by the exchange of a hard Pomeron with a contribu-
tion of the subleading Reggeon in the range zp > 0.01. The main outcome
of a NLO QCD fit using the DGLAP evolution scheme are the diffractive
PDFs. In total, about 75% of the exchange momentum is carried by gluons
and this gluon fraction remains large up to high 3.

The comparison of QCD models with more complex hadronic final states
can be used to test diffractive PDFs and the factorization ansatz. Due to
the large gluon fraction of the exchange, final states with open charm or
jets, produced mainly by boson—gluon processes, are the ideal test ground.
Within the large error bands of these measurements the predictions of the
QCD models agree with the data and confirm the gluon dominance of the
exchange.

The results presented here are available thanks to the effort of many
physicists in the H1 and ZEUS collaborations over nearly ten years of HERA
running. I would like to thank the organizers for the opportunity to present
these results at this stimulating conference.
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