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The high centre-of-mass energies of the HERA ep collider allow us to study the diffractive
interactions in the presence of a hard scale and to describe them in terms of perturbative
QCD. In QCD, the diffractive exchange is described in terms of partons, and the factorisation
theorem states that the cross section for hard interactions can be expressed as convolution
of universal diffractive parton distribution functions and process-dependent coefficients, per-
turbatively calculable. In this report the recent experimental data from the H1 and ZEUS
Collaborations at HERA of inclusive processes and hadronic final states in diffractive in-
teractions are presented. The data are used to investigate the factorisation properties and
study the partonic structure of colour singlet exchange.
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I. INTRODUCTION

Significant progress has been achieved over the
last decade in understanding of diffractive phe-
nomena at high energies in the light of mea-
surements of hard diffractive processes at HERA.
These processes, schematically represented in fig-
ure 1, are identified experimentally by the pres-
ence of a final proton, tagged in the detectors at
small angle, or by a large gap in rapidity between
the system X of the outgoing hadrons and the
proton remnant Y. The origin of these events
is due to a colourless exchange, referred to as
Pomeron.

The variables used to describe the kinemat-
ics of inclusive diffractive events are the photon
virtuality @2, the squared momentum transfer at
the proton vertex t = (P — py)?, the fraction of
longitudinal momentum transfer from the incom-
ing proton to the system X, xp = q(P —py)/qP
and the fraction of the exchanged momentum
participating in the scattering with the photon,
B = z/zp, where x = Q%/(2P - q) is the Bjorken
variable.

The central problem in hard diffraction is
the question of the validity of QCD factorisation.
In diffractive deep-inelastic scattering (DIS), the
presence of a hard scale as, for example, the pho-
ton virtuality @2, the large transverse jet momen-
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tum in the photon-proton centre-of-mass frame
or the heavy-quark mass, ensures the validity of
the QCD factorisation theorem [1-4]. It allows
the cross sections to be calculated as convolu-
tion of the the partonic cross sections ¢ % and
the universal diffractive parton densities func-
tions (DPDFs) fP(zp,t,r,Q?), which can be in-
terpreted as the parton probability distribution
in the proton conditional on the observation of a
diffractive proton in the final state with a given ¢
and xp [4]:

oP(v*p — Xp)
S Pap e Q)@Y (1)

In addition, it is important to test the conjecture
of Regge (proton vertex) factorisation, which as-
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FIG. 1: Tllustration of the generic diffractive process
ep — eXY. The systems X and Y are separated by
the largest gap in the rapidity distribution of the final
state hadrons.
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sumes that the DPDF can be expressed as a prod-
uct of the Pomeron flux, fp/,, and the Pomeron

structure function, fF [5]:

fPap.t,2,Q%) = fpplap. ) fF (B =2/xp, Q7).

(2)
In analogy with inclusive DIS scattering, the cross
section for neutral current diffractive events is
proportional to the diffractive reduced cross sec-

tion 09(4)(Q2, xp,3,t):

d*o(ep — eXp)

dQ%dz pdfdt
2 2
— o -+ 5 P O@ . 5.0.0)

where y = Q?/(s - x) is the inelasticity variable.
When the scattered proton is not detected, the ¢-

integrated diffractive structure function FQD @) 4

S
obtained via:
do(ep — eXp)
dQ*dzpdf3
dra? y*. DG
= W(l —y+ ) I D@ zp,B). (4)

The reduced cross section depends at moderate
scales, Q?, on two diffractive structure functions
FP and FP according to

D D y? D
Oy _FQ 1+(1_y)2FL' (5)
For y not too close to unity, o2 = FP holds to
very good approximation.

The 3 and Q? dependences of o” may be
subjected to a perturbative QCD analysis based
on the DGLAP equations in order to obtain
DPDFs. DPDFs have been determined at HERA
from high-precision measurements of the inclusive
diffractive DIS processes [6-11]. Whilst F di-
rectly measures the quark density, the gluon den-
sity is only indirectly constrained, via the scaling
violations FF /01n Q2.

The QCD factorisation is valid in diffractive
DIS [4], however it is expected to break down
for hard processes in diffractive hadron-hadron
scattering, due to rescattering of hadronic rem-
nants (see e.g. [1, 12]). These interactions oc-
cur in both the initial and final state and destroy

the rapidity gap. A ’gap survival probability’
factor must therefore be included in diffractive
hadron-hadron scattering cross section calcula-
tions based on DPDFs. Factorisation breaking
has been observed in pp collisions at the Teva-
tron: predictions using the DPDFs determined
at HERA overestimate the diffractive dijet cross
sections measured by CDF by up to an order of
magnitude [6]. All diffractive processes at the
LHC are affected by rescattering of hadronic rem-
nants, with survival probabilities estimated to be
only a few percent [13]. Understanding of the
detailed physics of gap destruction is thus vital
to the preparations for diffractive studies at the
LHC.

QCD factorisation can be further tested at
HERA in diffractive photoproduction (Q? ~ 0)
of dijets or D* mesons. In these processes the
validity of pQCD is ensured by the hard scale
provided by the jet transverse energy or by the
mass of c-quark. Processes in which the photon
participates directly in the hard scattering are ex-
pected to be similar to the DIS of highly virtual
photons (‘point-like’ or ‘direct’ photon, figure 2a).
In contrast, processes in which the photon is re-
solved into partons which participate in the hard
scattering (‘resolved’ photon, figure 2b) resemble
hadron-hadron scattering. In resolved photopro-
duction rescattering of the photon remnant may
lead to breaking of QCD factorisation. A sup-
pression by about a factor of three for resolved
photoproduction at HERA is predicted [14].

Remnant
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Jet
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FIG. 2: Leading order diagrams for diffractive dijet
production at HERA. (a) direct (point-like) processes,
(b) resolved (hadron-like) photon process.
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II. MEASUREMENT METHODS AND
COMPARISONS

Experimentally, diffractive ep scattering is char-
acterised by the presence of a leading proton in
the final state, retaining most of the initial state
proton energy, and by a lack of hadronic activ-
ity in the direction of outgoing proton. Because
of this the system X is cleanly separated and its
mass Mx may be measured in the central de-
tector components. These signatures have been
exploited at HERA to select diffractive events by
tagging the outgoing proton in the H1 Forward
Proton Spectrometer or the ZEUS Leading Pro-
ton Spectrometer (‘LPS method’ [8, 11, 15]) or by
requiring the presence of a large gap in the rapid-
ity distribution of hadronic final state particles in
the forward region (‘LRG method’ [6, 11, 16]). In
‘Mx method’ the inclusive DIS sample is decom-
posed into diffractive and non-diffractive contri-
butions based on their characteristic dependences
on My [7, 16]. Whilst the LRG and M x-based
techniques yield better statistics than the LPS
method, they suffer from systematic uncertainties
associated with an admixture of proton dissocia-
tion to low mass states, which is irreducible due
to the limited forward detector acceptance.
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FIG 3 The diffractive reduced cross section
zpor (z B,Q% xp) for |t| < 1 GeV?, shown as func-
tion of @ in bins of § and xp. The H1 FPS data are
compared to ZEUS LPS results interpolated to H1 Q?2,
zp and [ values using a parameterisation of "H1 2006
DPDF FitB’.
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FIG. 4: The ratio of the diffractive cross sections for
My < 1.6 GeV and |t| < 1 GeV? to that for Y = p

and [t| < 1 GeV?2, obtained from o)’ ®) measurements
using the H1 LRG data [6] and the H1 FPS data [8,
15].
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FIG. 5: H1 and ZEUS measurements of the diffrac-
tive reduced cross section at two example xp values
[17]. The ZEUS data are scaled by a factor of 0.87 to
match the H1 normalisation. The data are compared
with the results of the H1 2006 Fit B DPDF based
parameterisation [6] for Q? > 8.5 GeV? and with its
DGLAP based extrapolation to lower Q2.

The H1 collaboration recently released a
preliminary proton-tagged measurement using its
full available FPS sample at HERA-II [15]. The
integrated luminosity is 156 pb~!, a factor of
20 higher than in previous H1 measurements.
The new data tend to lie slightly above the
recently published final ZEUS LPS data from
HERA-I [11], but are within the combined nor-
malisation uncertainty of around 10% (figure 3).

The comparison of the data obtained with
the LRG and the LPS methods is presented in
figure 4. Here the ratio is shown of the diffractive
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cross sections for My < 1.6 GeV and [t| < 1 GeV?
to that for Y = p and |t| < 1 GeV?, obtained from
oP® measurements using the H1 LRG data [6]
and the H1 FPS data [8, 15]. This ratio defines
a size of proton dissociation contribution to the
LRG sample. The ratio, which is an estimator of
proton dissociation contribution to LRG, is order
of 18% for H1 measurements, and is almost in-
dependent of the kinematic variables Q?, 8 and
xp. This result supports the validity of proton
vertex factorisation, so that the diffractive PDF's
extracted from the LRG measurements are appli-
cable to LPS data if corrected for the contribution
of proton dissociation.

The compatibility between the H1 and
ZEUS measurements is further tested using
the LRG data. The recently published ZEUS
data [11] are based on an integrated luminos-
ity of 62 pb~! and thus have substantially im-
proved statistical precision compared with the
older H1 published results [6]. The normalisa-
tion differences between the two experiments are
13%, which is a little beyond one standard devi-
ation in the combined normalisation uncertainty.
After correcting for this factor, very good agree-
ment is observed between the shapes of the H1
and ZEUS cross sections throughout most of the
phase space studied, as shown in figure 5. A more
detailed comparison between different diffractive
cross section measurements by H1 and ZEUS and
a first attempt to combine the results of the two
experiments can be found in [17].

III. SOFT PHYSICS AT THE PROTON
VERTEX

The LRG and LPS measurements [6, 8, 11]
demonstrate that the diffractive DIS data are
consistent with a proton vertex factorisation to
good approximation. The dependences on vari-
ables which describe the scattered proton (xp,
t) factorise from those describing the hard par-
tonic interaction (Q2, 3). As an example, the
slope parameter b, extracted in [11] by fitting the
t distribution to the form do/dt o e, is shown
as a function of Q?, zp and My in figure 6a.
There are no significant variations from the av-
erage value of b ~ 7 GeV~2 anywhere in the
studied range. It is interesting to note, that the
measured value of b is significantly larger than
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FIG. 6: a) Measurements of the exponential ¢ slope
from ZEUS LPS data, shown as a function of Q?2,
zp and Mx. b) ZEUS extractions of the effective
pomeron intercept describing the xp dependence of
diffractive DIS data at different Q? values [11].

that from ‘hard’ exclusive vector meson produc-
tion (ep — eVp) [18]. Assuming that b is related
to the radius of interaction region, this observa-
tion indicates that in diffractive DIS the virtual
photon probes spatial extent which is consider-
ably larger than the proton radius and charac-
terises the the non-perturbative exchanges similar
to the Pomeron of soft hadronic physics [19, 20].

Figure 6b shows the Q2 dependence of
the effective Pomeron intercept ap(0), which
is extracted from the xp dependence of the
data [11]. No significant dependence on Q2
is observed, again compatible with proton ver-
tex factorisation.  These results are consis-
tent with the HI1 value of ap(0) = 1.118 +
0.008 (exp.) 7002 (model) [6]. Both collabora-
tions have also extracted a value for the slope
of the effective Pomeron trajectory, the recently
published ZEUS value being o/p = —0.01 +
0.06 (stat.) 4 0.06 (syst.) GeV~—2 [11].

The intercept of the effective Pomeron tra-
jectory is consistent within errors with the ‘soft
Pomeron’ results from fits to total cross sections
and soft diffractive data [21]. Although larger
effective intercepts have been measured in hard
vector meson production [18], no deviations with
either Q? or B have yet been observed in in-
clusive diffractive DIS. The measured slope of
the effective trajectory is smaller than the value
0.25 GeV~2 obtained from the soft diffractive pro-
cesses [22, 23], though it is compatible with re-
sults from the soft exclusive photoproduction of
p” mesons at HERA [24, 25].
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IV. EXTRACTION OF DIFFRACTIVE
PARTON DENSITY FUNCTIONS (DPDFS)

The high statistics ZEUS LRG and LPS data
[11] have recently been fitted to extract DPDFs
[26]. The method and DPDF parameterisation
are similar to an earlier H1 analysis [6]. By
analogy to the proton structure function Fs, the
partonic distributions of the diffractive exchange
are extracted from the Q2 evolution of diffrac-
tive structure function FQD . The gluon and sin-
glet quark density are parameterised as a function
of z, the Pomeron momentum fraction carried by
the parton entering the hard interaction, at start-
ing scale Qg They are evolved in Q2 using the
DGLAP equations and are fitted to the data. The
heavy flavour treatment follows the general mass
variable flavour number scheme [27]. In figure 7,
the resulting DPDFs are compared with results
from both ZEUS and H1 using a fixed flavour
number scheme. The agreement between the ex-
periments is reasonable when the uncertainty on
the H1 DPDFs is also taken into account and the
conclusion that the dominant feature is a gluon
density with a relatively hard z dependence is
confirmed. The error bands shown in figure 7
represent experimental uncertainties only. The
diffractive quark and gluon densities at low to
moderate z are well constrained from the inclu-
sive cross sections alone. However, the sensitivity
to the gluon density from the inclusive process is
lower at large z, which is among the most impor-
tant regions for LHC studies. Indeed, in the large
z region, where the dominant parton splitting is
q — qg, the sensitivity of dF)/0InQ? to the
gluon density becomes poor and different DPDF
parameterisations lead to large variations [6, 26].
Improved large z constraints have been obtained
by including dijet data in the QCD fits [26, 28|.

The comparison of quark and gluon contri-
butions shows that up to 70% of the diffractive
exchange’s momentum is carried by gluons. It is
consistent with a common QCD radiation pattern
far from the valence region.

V. FACTORISATION TESTS IN
DIFFRACTIVE DIS

According to the factorisation theorem (see Sec-
tion I) which was proved for diffractive DIS [4],

the diffractive parton densities extracted from o

are applicable to the prediction of a wide range of
other observables in diffractive DIS. There have
been many tests of this diffractive hard scattering
factorisation over the years, the most precise and
detailed arising from jet [28-31] and heavy flavour
[32-34] cross section measurements. These pro-
cesses are dominated by the boson-gluon fusion
process v*g — qq (figure 2a), and thus are di-
rectly sensitive to the diffractive gluon density,
in contrast to inclusive diffractive DIS measure-
ments. The factorisation works well at moderate
values of z, as demonstrated for the example of
diffractive charm quark production in figure 8.
However, the situation changes at large z 2 0.4
where the gluon density from ¢ has a large un-
certainty and dijet data give the best constraints.

At low z and Q?, the longitudinal diffractive
structure function, F LD , 18 closely related to the
diffractive gluon density and thus gives a comple-
mentary test of diffractive factorisation and the
role of gluons to those provided by jet and charm
cross sections. Measurements of F£ became pos-
sible following the reduced proton beam energy
runs at the end of HERA operation. According
to equation 5, F' i) and FQD may then be sepa-
rated through the y = Q?/(sBz,) dependence
as s varies at fixed Q2, 8 and z,.

The H1 collaboration recently released pre-
liminary F'P results [35]. Figure 9 shows that
the F LD value integrated over [ is non-zero at
the 30 level. The measured ratio of longitudi-
nal to transverse photon induced cross sections
in diffraction is similar to that in inclusive DIS
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FIG. 7. ZEUS down quark (one sixth of the total
quark + antiquark) and gluon densities as a function
of generalised momentum fraction z at Q? = 6 GeV?
[26]. Two heavy flavour schemes are shown, as well as
H1 results [6] corrected for proton dissociation with a
factor of 0.81.
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FIG. 9: The measurement of the longitudinal diffrac-
tive structure function F'P [35], compared with DPDF
based predictions.

measurements [36, 37|, though the errors in the
diffractive case are large. The measured F LD is
in agreement with predictions based on DPDF's

extracted from o?.

VI. FACTORISATION TESTS WITH
DIFFRACTIVE JET PHOTOPRODUCTION

In diffractive hadronic collisions the QCD factori-
sation is expected to breaks down [1, 12]. The
predictions based on DPDFs from diffractive DIS
at HERA overestimate the diffractive jet produc-
tion cross section pp by almost an order of magni-

tude [6]. This factorisation breaking is generally
attributed to absorptive corrections, correspond-
ing to the destruction of the outgoing proton co-
herence and the rapidity gap due to multiple in-
teractions within a single event. These effects are
associated with the presence of a proton remnant,
in contrast to the point-like photon coupling in
diffractive DIS. The understanding of the rapid-
ity gap survival probability at high energies is ex-
tremely important for diffractive studies at the
LHC [38, 39].
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FIG. 10: Ratios of diffractive dijet photoproduction
cross sections measured by H1 to NLO QCD calcula-

tions as a function of EZ", zpp and . [40).

The questions of DPDF applicability and
rapidity gap survival is further investigated in
hard diffractive photoproduction at HERA. As
the photon is almost real (virtuality Q% ~ 0) it
can develop a partonic structure via v — ¢q fluc-
tuations. In a leading order (LO) picture, there
are thus two classes of hard photoproduction: ‘re-
solved’ interactions (figure 2b), where the pho-
ton interacts via its partonic structure and only
a fraction . of its four-momentum participates
in the hard subprocess and ‘direct’ interactions
(figure 2a), where the photon behaves as a point-
like particle. and x, = 1. Resolved photoproduc-
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tion interactions resemble hadron-hadron scatter-
ing to a large extent and are therefore expected to
exhibit gap destruction effects. The gap survival
probability has been estimated to be 0.34 for re-
solved processes [14] and is expected to be unity
for direct photon interactions. In QCD, the direct
and the resolved processes are unambiguously dis-
tinguished only in LO. In next-to-leading order
(NLO) these two processes are related, and the
separation depends on the factorisation scheme
and scale.

- T ‘ T
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FIG. 11: ZEUS diffractive dijet photoproduction data
[43], compared with DPDF based predictions.

Figure 10 shows ratios of H1 measurements
of diffractive dijet photoproduction cross sections
[40] to NLO QCD calculation [41, 42] which ne-
glects absorptive effects. Results are presented
differentially in the leading jet transverse energy
EjTet1 and in hadron level estimators of zp and
x~, obtained as described in [31]. For most of
the measured points, the ratios are significantly
below unity.

Figure 11 shows a recent ZEUS measure-
ment [43] as a function of x., compared with pre-
dictions based on H1 [28] and ZEUS [26] DPDF's
extracted by fitting o, and diffractive dijet elec-
troproduction data. In contrast to the H1 result,
the ZEUS data are compatible with NLO predic-

tions. A possible reason for this contradiction be-
tween the two experiments could be an observed
dependence of the data-to-theory ratio on the jet
transverse energy (figure 10c) [31, 40, 43]. The
ZEUS measurement is made for £ ‘L~ 75 GeV,

whereas H1 measure for B! > 5 GeV. Intrigu-
ingly, the ratios of data to theory measured by
both collaborations have at most a weak depen-
dence on x,, in contrast to theoretical expecta-
tions [14, 44]. A better understanding of observed
effects require more detailed investigations.

VII. CONCLUSIONS

Diffractive processes have been extensively stud-
ied in ep interactions at HERA, and the validity
of the QCD factorisation theorem has been in-
vestigated. Recent H1 and ZEUS semi-inclusive
diffractive DIS data are in fair agreement within
their normalisation uncertainties.

The measurements of inclusive diffraction
and the hadronic final state in diffractive DIS can
be described within a consistent picture. The
results support QCD factorisation with diffrac-
tive parton densities which are evolved according
to the DGLAP equations and are dominated by
the gluon contribution. The data exhibit pro-
ton vertex factorisation to good approximation.
NLO predictions using the diffractive PDFs mea-
sured in inclusive diffraction successfully describe
diffractive dijet and charm production in DIS. In
diffractive dijet photoproduction the situation is
less clear. The ZEUS dijet photoproduction data
are compatible with NLO predictions, while the
H1 data are overestimated by NLO predictions at
lower transverse momentum of the jets, indicat-
ing the breaking of QCD factorisation. Contrary
to the theoretical expectations, no suppression is
observed for the resolved component of the pho-
ton with respect to the direct component. There
is an indication of the dependence of the suppres-
sion factor on the transverse momenta of the jets.
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