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Abstract

Measurements are presented of differential dijet cross sections in low-|t| diffractive pho-
toproduction (photon virtuality Q2 < 0.01 GeV2) and deep-inelastic scattering processes
(DIS, Q2 > 4 GeV2) of the type ep → eXY , in which the photon dissociation system
X is separated from a leading low-mass baryonic system Y by a large rapidity gap. The
measurements are based on an integrated luminosity of 18 pb−1 and are performed in the
same kinematic ranges besides Q2. Dijet events are identified in the γp rest frame using the
inclusive kT cluster algorithm. The cross sections are given at the level of stable hadrons
and correspond to the kinematic range xIP < 0.03, E∗,jet1

T > 5 GeV and E∗,jet2
T > 4 GeV.

The measurements of dijet rates in photoproduction and DIS are compared with NLO QCD
predictions based on diffractive parton distributions previously obtained from a NLO QCD
analysis of inclusive diffractive DIS. Whereas the diffractive dijet rate in DIS is in good
agreement with QCD factorisation, the dijet rate in photoproduction is suppressed by about
a factor 0.5 compared to the NLO QCD prediction. The results are suggestive of a break-
down of factorisation in photoproduction for both direct and resolved photon interactions.
This is reminiscent of the observed breakdown of factorisation in diffractive dijet produc-
tion in pp̄ collisions.



1 Introduction

Quantum Chromodynamics (QCD) predicts that the cross section for diffractive deep-inelastic
ep scattering (DDIS) factorises into universal diffractive parton densities (DPDFs) and process-
dependent hard scattering coefficients [1] (QCD factorisation). Diffractive parton densities have
been determined from DGLAP QCD fits to inclusive diffractive HERA data [2,3] and have been
found to be dominated by the gluon distribution.

Final state configurations for which a partonic cross section is perturbatively calculable in
QCD include dijet and heavy quark production, which are directly sensitive to the gluon com-
ponent of the diffractive exchange. Previous measurements of diffractive dijet and D∗ meson
production in DIS have been found to be described by next-to-leading order (NLO) QCD cal-
culations using DPDFs and assuming QCD factorisation [4].

However, applying this approach in leading order (LO) QCD calculations to predict diffrac-
tive dijet production in pp̄ collisions at the Tevatron leads to an overestimation of the observed
rate by approximately one order of magnitude [5]. This discrepancy has been attributed to the
presence of the additional beam hadron remnant in pp̄ collisions, which leads to secondary in-
teractions and a breakdown of factorisation. The suppression, often characterised by a reduced
‘rapidity gap survival probability,’ cannot be calculated perturbatively and has been parame-
terised in various ways (see, e.g., [6]).

The transition from DIS to hadron-hadron scattering can be studied at HERA in a com-
parison of scattering processes in DIS and in photoproduction. In photoproduction, the beam
lepton emits a quasi-real photon which interacts with the proton (γp collision). Processes in
which a real photon participates directly in the hard scattering are expected to be similar to the
deep-inelastic scattering of highly virtual photons (“point-like photon”). In contrast, processes
in which the photon is first resolved into partons which then initiate the hard scattering resemble
hadron-hadron scattering. Via resolved photon processes in hard photoproduction, parton final
states are accessible, which are present in the equivalent pp̄ collisions but not in DIS. Different
prescriptions for diffraction can therefore be tested in the regime of hard diffractive DIS and
photoproduction.

In this paper, measurements of diffractive dijet cross sections in DIS and photoproduction
are presented, based on data collected with the H1 detector at HERA. For photoproduction the
integrated luminosity is increased by one order of magnitude with respect to previous results
[7]. Jets are defined using the inclusive kT cluster algorithm with asymmetric cuts on the jet
transverse energies to facilitate comparisons with NLO predictions. Apart from the different
ranges for the photon virtuality, the two measurements are performed in the same kinematic
ranges to allow the closest possible comparison of the cross sections. The cross sections are
compared with NLO QCD predictions based on DPDFs.

2 Kinematics

The generic diffractive electron-proton interaction ep → eXY is illustrated in Figure 1. The
electron1 (4-momentum k) exchanges a photon (q) which interacts with the proton (P ). The

1Throughout the paper, the word ‘electron’ is used synonymously for positrons.
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final state hadrons produced are, by definition, divided into the systems X and Y , separated by
the largest gap in the hadron rapidity distribution. The system Y lies in the outgoing proton
beam direction.

Examples of hard diffractive processes leading to jets in the final state at HERA are given
by the diagrams of Figure 2 for the photon-gluon fusion production mechanism (“direct” or
“point-like” photon process) and a process in which the photon develops hadronic structure
from which a single parton undergoes the hard scatter (“resolved” or “hadron-like” photon
process). In photoproduction, the latter process contributes significantly, whereas in DIS it is
suppressed due to the large photon virtuality.

X

Y{

{

t

γ
( pX)

( pY)

Largest gap
in event

Figure 1: Illustration 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.

a)

γ

b)

γ

γ

Figure 2: Leading order diagrams for diffractive dijet production at HERA. a) Direct (point-
like) photon process (photon-gluon fusion), b) resolved (hadron-like) photon process.

The following kinematic variables are defined:

s ≡ (k + P )2; Q2 ≡ −q2; y ≡ q · P
k · P . (1)

The variable y is related to the γp centre-of-mass energy W by W =
√

y s − Q2. With pX and
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pY representing the 4-momenta of the systems X and Y , the data are discussed in terms of

M2
X ≡ p2

X ; M2
Y ≡ p2

Y ; t ≡ (P − pY )2; xIP ≡ q · (P − pY )

q · P . (2)

The quantities MX and MY are the invariant masses of the systems X and Y , t is the squared
4-momentum transferred between the incoming proton and the photon, and xIP is the fraction of
the proton beam momentum transferred to the system X . With u and v denoting the 4-momenta
of the partons entering the hard subprocess from the photon and the proton, respectively (as
indicated in Figure 2b, for the direct process u = q), the dijet system has squared invariant mass

ŝ = M2
12 = (u + v)2. (3)

The longitudinal fractional momenta carried by the partons from the photon (xγ) and the diffrac-
tive exchange (zIP ) are given by

xγ =
P · u
P · q ; zIP =

q · v
q · (P − pY )

. (4)

The measurements are performed in the region of small xIP , large t, and small masses MY ,
where the cross section is dominated by diffractive scattering in which the proton remains intact.

3 Diffractive Parton Densities

3.1 QCD Factorisation in Diffractive ep Collisions

QCD predicts that in the leading log(Q2) approximation the cross section for the diffractive
process γ∗p → Xp factorises into universal diffractive parton distributions of the proton con-
voluted with process-dependent hard scattering coefficients [1]. The DPDFs [8–10] represent
probability distributions for a parton in the proton under the constraint that the proton remains
intact with particular values of t and xIP . At leading twist,

d2σ(x, Q2, xIP , t)γ∗p→pX

dxIP dt
=

∑
i

∫ xIP

x

dξ σ̂γ∗i(x, Q2, ξ) pD
i (ξ, Q2, xIP , t) . (5)

The factorisation formula is valid for large enough Q2 and at fixed xIP and t. It also applies to the
case of proton dissociation into a system of fixed small mass MY . The partonic cross sections
σ̂γ∗i are the same as for inclusive DIS and the diffractive parton distributions pD

i , which are
not known from first principles, should obey the DGLAP evolution equations. Analogously
to inclusive DIS, the diffractive parton distributions can be determined from measurements by
a DGLAP QCD fit to the inclusive diffractive DIS cross section. First analyses of this kind
were performed in [2, 11, 12] based on measurements of the diffractive structure function F D
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at HERA. The test of the QCD factorisation concept in diffractive dijet production in DIS and
photoproduction is the goal of this paper.
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3.2 H1 Diffractive Parton Densities

Diffractive parton distributions of the proton have been determined through DGLAP QCD fits
to inclusive diffractive DIS measurements by the H1 collaboration in [2,3]. The fits were made
under the additional assumptions that the xIP , t dependence of the parton distributions factorises
from the x, Q2 dependence:

pD
i (xIP , t, x, Q2) = fIP/p(xIP , t) pi,IP (β = x/xIP , Q2). (6)

This so-called Regge factorisation assumption, in the literature often referred to as the resolved
pomeron model [13], implies that the diffractive exchange can be treated as a quasi-real object
with a partonic structure, given by parton distributions pi,IP (β, Q2). The variable β then corre-
sponds to the longitudinal momentum fraction of the diffractive exchange carried by the struck
parton in the pomeron. The first term fIP/p(xIP , t) (also called the pomeron flux factor) repre-
sents the probability for scattering off a pomeron with particular values of xIP and t. It should
be stressed that no proof in QCD exists for the assumption of Eq. (6). At the present level of
experimental precision the assumption is consistent with inclusive diffractive H1 measurements
for xIP < 0.01. At larger xIP a contribution from sub-leading meson (“reggeon”) exchange has
to be taken into account, such that the diffractive PDFs, integrated over t, are given by:

pD
i (xIP , β, Q2) = fIP/p(xIP ) pi,IP (β, Q2) + fIR/p(xIP ) pi,IR(β, Q2). (7)

The pomeron and reggeon flux factors are given by

f{IP ,IR}/p(xIP ) =

∫ tmax

tcut

eB{IP ,IR}t

x
2α{IP ,IR}(t)−1

IP

dt, (8)

where tcut = −1.0 GeV2, tmax is the maximum kinematically allowed value of t and the
pomeron and reggeon trajectories are assumed to be linear functions of t:

α{IP ,IR}(t) = α{IP ,IR}(0) + α′
{IP ,IR}t. (9)

The latest DGLAP QCD fits to the most recent available inclusive DDIS measurements were
presented by the H1 Collaboration in [3]. The pomeron parton distributions are composed of
a light flavour singlet and a gluon distribution, which are evolved using the DGLAP equations,
both in leading and in next-to-leading order. The strong coupling constant αs was fixed by
setting ΛMS

QCD = 0.2 GeV for 4 flavours, using the 1-loop and 2-loop expressions for αs at
LO and NLO, respectively. The charm mass is set to mc = 1.5 GeV. Pion PDFs are used
for the meson. The result of the fit is shown in Fig. 3. The uncertainty shown for the NLO
PDFs includes the experimental uncertainty arising from the errors of the fitted data as well
as the theoretical uncertainty, estimated by variations of mc, ΛQCD and the parameters used
in the pomeron and reggeon flux factors. The total uncertainty of the NLO gluon distribution
is ≈ 30% at a parton fractional momentum zIP ≈ 0.5 and increases to more than 50% for
zIP � 0.7. These parton densities are referred to as ‘H1 2002 fit’ in the present paper and they
are used for the comparison of the measured cross sections with QCD predictions. The earlier
‘H1 fit 2’ PDFs [2] are used for detector unsmearing.
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Figure 3: Quark singlet (left) and gluon (right) distribution functions at LO (lines) and NLO
(bands) of the diffractive exchange at several values of Q2, obtained from DGLAP QCD analy-
ses of inclusive diffractive DIS data (from [3]).

3.3 Diffractive Dijet Production

The diffractive parton densities can be used to predict diffractive final state cross sections, such
as dijet production in DIS and photoproduction. In these predictions the jet transverse momen-
tum is used for the renormalisation and factorisation scales. It has been demonstrated in [14]
that diffractive dijet production in DIS is described to within 10% by the parton distributions
corresponding to ‘H1 fit 2.’ The ‘H1 fit 2’ parton densities have also been used to predict diffrac-
tive dijet production in pp̄ collisions at the Tevatron. There, the measured diffractive structure
function of the anti-proton is overestimated by approximately one order of magnitude [5]. For
the recent ‘H1 2002 fit’ DPDFs, this discrepancy diminishes slightly but is still approximately
a factor 7 [3]. In the present paper, diffractive dijet production in DIS and photoproduction are
compared with calculations based on the recent ‘H1 2002 fit’ DPDFs.

4 Monte Carlo Simulations

In the analyses, different Monte Carlo programs are used to correct the measured distributions
for detector inefficiencies and smearing. The program RAPGAP 2.08 [15] is used to obtain
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predictions based on LO H1 diffractive parton densities convoluted with LO matrix elements
for the hard QCD 2 → 2 subprocess. The appropriate partonic cross sections are also convoluted
with the parton densities of the photon. In photoproduction the leading order GRV ’94 parton
distribution functions [16] are used for the resolved photon component. These parton densities
were found to give a good description of the effective photon structure function as measured
by H1 [17]. For DIS, processes with a resolved virtual photon are generated in which the
structure of the photon is given by the SAS-2D parameterisation [18], which gives a reasonable
description of inclusive dijet production in a similar Q2 range [19]. The PDFs are taken at the
scale µ2 = p̂2

T + 4m2
qq̄, where p̂T is the transverse momentum of the emerging hard partons and

mqq̄ is the invariant mass of the produced quark pair.

To correct the measured distributions for detector smearing the ‘H1 fit 2’ DPDFs are used.
To avoid divergences in the calculation of the matrix elements, a cut p̂T > 3 GeV is applied at
the generator level for DIS and p̂T > 2 GeV for photoproduction. No significant losses result
from these cuts for the selected jets with E∗,jet1

T > 5 GeV and E∗,jet2
T > 4 GeV. Higher order

effects are simulated using parton showers [20] in the leading log(µ) approximation (MEPS),
and the Lund string model [21] is used for hadronisation. RAPGAP does not include any fac-
torisation breaking effects due to remnant interactions. Photon radiation from the electron lines
is simulated using the program HERACLES [22]. The PYTHIA 6.1 Monte Carlo program [23]
is used to simulate inclusive dijet photoproduction processes to evaluate migrations from high
MY and high xIP . For the corresponding correction in DIS, the RAPGAP program is used in
inclusive DIS mode.

5 Next-to-leading Order QCD Calculations

QCD factorisation in diffractive DIS [1] implies that the hard scattering cross section for the in-
teraction of the virtual photon with a parton from the DPDFs is identical to the non-diffractive
case. Therefore, programs which calculate fixed order partonic cross sections for dijet produc-
tion in ordinary DIS and photoproduction can also be used in the case of diffraction.

To calculate diffractive dijet cross sections to NLO in QCD for deep-inelastic electron-
proton scattering, the DISENT [24] program is used, as suggested in [25]. It was demonstrated
in [26] that calculations using this program agree very well with the results from other programs.
To obtain NLO cross sections for diffractive dijet photoproduction, the program by Frixione
et al. [27] is used. Both programs are interfaced to the NLO diffractive parton distributions
obtained in [3]. For the Frixione calculation, the GRV HO photon PDFs [16] are used for the
hadronic component of the photon.

The NLO programs are adapted to calculate diffractive cross sections as follows. The cross
section at a fixed value of xIP and t = 0 is calculated by reducing the nominal proton beam
energy by a factor xIP . Since the xIP and t dependences of the diffractive PDFs factorise from
the β and Q2 dependences, the proton PDFs can be replaced by the PDFs of the diffractive ex-
change pi,IP (β, Q2). The calculated cross sections are multiplied by the t-integrated flux factor
fIP/p(xIP ) =

∫
dt fIP/p(xIP , t). The same prescription is applied to calculate the contribution

from meson exchange using pion PDFs and the flux factor fIR/p(xIP ). The partonic configura-
tions are calculated for t = 0, such that kinematic effects of a finite value of t are neglected.
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Since the measured cross sections correspond to an interval in xIP , the integration over xIP is
approximated by integrating the results obtained for a set of suitably chosen xIP points (“xIP

slicing”). The number of xIP points is chosen to ensure the calculation is of sufficient precision.

For the (N)LO calculations, the diffractive parton distributions are used in their respective
version. The strong coupling constant αs is set to the value assumed in the QCD fit from which
the PDFs were extracted, using the corresponding 1(2)-loop expression and taking ΛMS

QCD =
0.2 GeV for 4 flavours. The parton configurations resulting from the calculations are subjected
to the same jet algorithm as is used for the measured cross sections. The renormalisation scale
is set to the transverse energy of the leading jet in the photon-proton centre-of-mass frame:
µr = E∗,jet1

T . For DISENT, the factorisation scale is set to µf = 6.2 GeV, corresponding to the
average ET of the leading jet observed in the DIS measurement. For the Frixione calculation,
the factorisation scale is set to be equal to the renormalisation scale.

Since the calculations refer to jets of partons, whereas the measurements refer to jets of
hadrons, the calculated NLO cross sections have to be corrected for the effects of hadronisation.
In the case of diffraction, these also influence the diffractive kinematics, which are defined on
the basis of the largest gap in rapidity in the hadronic final state. The hadronisation corrections,
defined as

1 + δhad =
σhadron

dijet

σparton
dijet

, (10)

are determined using the Monte Carlo generator RAPGAP with parton showers enabled to sim-
ulate higher orders. The parton level cross section is defined in the same way as for the NLO
calculation and is obtained using the same jet algorithm and the same definitions of the kine-
matic variables. Lund string fragmentation is used for hadronisation. The size of the hadroni-
sation corrections in DIS is of the order of a few percent on average, reaching 20% in certain
regions of the phase space. The size of the correction decreases with increasing pT of the jets.
In photoproduction, the correction lowers the parton level cross section by ≈ 10 % on aver-
age. The correction is particularly large in the second highest bin of the xjets

γ distribution in
which resolved photon interactions dominate. Here, events for which xjets

γ ≈ 1 at the parton
level are smeared towards lower values due to hadronisation. Uncertainties on the hadronisation
corrections have not yet been estimated for the results in this paper.

6 Experimental Procedure

6.1 H1 Detector

A detailed description of the H1 detector can be found in [28]. Here, a brief account of the com-
ponents most relevant to the present analyses is given. The H1 coordinate system convention
defines the outgoing proton beam direction as the positive z axis and the polar scattering angle
θ is measured relative to this axis such that the pseudorapidity η = − ln tan(θ/2) increases with
z.

The hadronic final state X is measured by combining information from a tracking and a
calorimeter system. The central ep interaction region is surrounded by two large concentric
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drift chambers, located inside a 1.15 T solenoidal magnetic field. Charged particle momenta
are measured in the range −1.5 < η < 1.5 with a resolution of σ(pT )/pT � 0.01 pT/GeV. A
finely segmented electromagnetic and hadronic liquid argon calorimeter (LAr) covers the range
−1.5 < η < 3.4. The energy resolution is σ(E)/E � 0.11/

√
E/GeV for electromagnetic

showers and σ(E)/E � 0.50/
√

E/GeV for hadrons, as measured in test beams. The back-
ward region −4 < η < −1.4 is covered by a lead/scintillating fibre calorimeter (SPACAL, [29])
which is used to identify and measure the scattered electron in DIS events.

The forward region is covered by the Forward Muon Detector (FMD) and the Proton Rem-
nant Tagger (PRT). The 3 pre-toroid double layers of drift chambers of the FMD are used to
detect particles directly in the region 1.9 < η < 3.7, and from larger pseudorapidities via beam-
pipe scattering. The PRT consists of a set of scintillators surrounding the beam pipe at z = 26 m
and covers the region 6 < η < 7.5.

The ep luminosity is measured via the Bethe-Heitler Bremsstrahlung process ep → epγ, the
final state electron and photon being detected in crystal calorimeters at z = −33 m (small angle
electron detector) and z = −103 m (photon detector), respectively. The small angle electron
detector is also used to tag and measure the scattered electron in photoproduction.

6.2 Event Selection

The data used in these analyses were taken in the 1996 and 1997 running periods, in which
HERA collided 820 GeV protons with 27.5 GeV positrons. The photoproduction data are col-
lected using a trigger which requires the scattered electron to be measured in the small angle
electron detector, at least 3 tracks in the central jet chamber and an event vertex. A veto cut
requiring less than 2 GeV of energy deposited in the photon detector suppresses accidental co-
incidences with Bremsstrahlung events. DIS events are collected using a trigger which requires
the scattered electron to be detected in the backward electromagnetic calorimeter (SPACAL)
with an energy of at least 6.5 GeV, an event vertex and at least one large transverse momentum
track in the central region of the detector.

Rapidity gap events are selected by requiring an absence of activity in the forward direction.
No signals above noise levels are allowed in the FMD and PRT. In the LAr, no cluster with
an energy of more than 400 MeV is allowed in the region η > 3.2 . These selection criteria
ensure that the gap between the systems X and Y spans at least the region 3.2 < η < 7.5,
and that MY < 1.6 GeV and −t < 1 GeV2. A cut xIP < 0.03 further reduces non-diffractive
contributions.

Jets are formed from the tracks and clusters of the hadronic final state X , using the inclusive
kT cluster algorithm [30] with a distance parameter of 1.0 in the γp rest frame, which for
photoproduction is identical to the laboratory frame up to a Lorentz boost along the beam axis.
At least two jets are required, with transverse energies E∗,jet1

T > 5 GeV and E∗,jet2
T > 4 GeV for

the leading and subleading jet, respectively.2 The jet axes of the two leading jets are required to
lie within the region −1 < η lab

jet < 2, well within the acceptance of the LAr calorimeter.

2The ‘*’ denotes variables in the γp system.
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6.3 Kinematic Reconstruction

The hadronic system X , which contains the jets, is measured in the LAr and SPACAL calorime-
ters and the central tracking system. Calorimeter cluster energies and track momenta are com-
bined using algorithms which avoid double counting [31].

Cross sections are measured differentially in the invariant mass M12 of the dijet system, the
transverse momentum of the leading jet p∗,jet1

T and the mean pseudorapidity 〈η lab
jet 〉 of the two jets

in the laboratory frame. The jet separation
∣∣∆η∗

jet

∣∣ is reconstructed in the γp rest frame where it
is related to the scattering angle of the hard subprocess.

6.3.1 Reconstruction of Photoproduction Events

In the photoproduction analysis, the energy E ′
e of the scattered electron is measured in the small

scattering angle electron detector and y is reconstructed according to

y = 1 − E ′
e/Ee, (11)

where Ee is the electron beam energy. The geometrical acceptance of the detector limits the
measurement to Q2 < 0.01 GeV2 and 0.3 < y < 0.65.

The estimators xjets
γ and zjets

IP of the fractional momenta of the partons entering the hard
subprocess are reconstructed as:

xjets
γ =

∑
jets (E − pz)

2 y Ee

; zjets
IP =

∑
jets (E + pz)

2 xIP Ep

, (12)

where the sum runs over the two jets comprising the dijet system and Ep is the proton beam
energy. The invariant mass of the hadronic system MX is reconstructed according to

MX =

√
M2

12

zjets
IP xjets

γ

. (13)

The variable xIP is reconstructed according to

xIP =

∑
X (E + pz)

2 Ep
, (14)

where the sum runs over all objects in the X system.

6.3.2 Reconstruction of DIS Events

In DIS, E′
e is measured in the backward calorimeter SPACAL and y and Q2 are reconstructed

using in addition the electron scattering angle θ according to

y = 1 − E ′
e

Ee
sin2 θe

2
, Q2 = 4EeE

′
e cos2 θe

2
. (15)
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Kinematic ranges of cross sections

Photoproduction DIS

Q2 < 0.01 GeV2 4 < Q2 < 80 GeV2

165 < W < 242 GeV
inclusive kT jet algorithm, distance parameter=1

Njet ≥ 2

E∗,jet1
T > 5 GeV

E∗,jet2
T > 4 GeV

−1 < ηlab
jet(1,2) < 2 −3 < η∗

jet(1,2) < 0

xIP < 0.03
MY < 1.6 GeV
−t < 1 GeV2

Table 1: The kinematic ranges defining the measured cross sections.

The quantity MX is reconstructed from the sum of all observed energy deposits above noise
levels, excluding the scattered electron:

M2
X = (

∑
i

Ei)
2 − (

∑
i

	pi)
2. (16)

The variable xIP is reconstructed according to

xIP =
Q2 + M2

X

Q2 + W 2
. (17)

The estimators xjets
γ and zjets

IP are reconstructed as

xjets
γ =

∑
jets (E − pz)

∗∑
X (E − pz)

∗ , zjets
IP =

Q2 + M2
12

Q2 + M2
X

. (18)

6.4 Cross Section Measurement

The measured cross sections are defined at the level of stable hadrons. The data are corrected
for detector inefficiencies and migrations of kinematic quantities in the reconstruction using the
RAPGAP Monte Carlo program. For generated events, the H1 detector response is simulated
in detail and the Monte Carlo events are subjected to the same analysis chain as the data. The
simulation gives a good description of the shapes of all data distributions. According to the
simulations, the detector level observables are well correlated with the hadron level quantities.

The kinematic regions in which the cross sections are measured are given in Table 1. For
the DIS measurement, the pseudorapidity range −3 < η∗ < 0 in the γp frame corresponds
approximately to the range −1 < η < 2 in the laboratory frame.
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Migrations from large MY and xIP are corrected for using PYTHIA for photoproduction
and RAPGAP for DIS. The net smearing about the measurement boundary MY = 1.6 GeV is
evaluated with the DIFFVM [32] simulation of proton dissociation.

An analysis of systematic uncertainties has been performed in which the sensitivity of the
measurements to variations of the detector calibration and the Monte Carlo models used for
acceptance and migration corrections are evaluated. The dominant systematic error for the
photoproduction analysis arises from the uncertainty in the LAr calorimeter energy scale and
the migrations about MY = 1.6 GeV. For the DIS measurement, the dominant uncertainty arises
from the acceptance and migration corrections.

7 Results

Comparisons at leading and next-to-leading order of the QCD calculations based on the diffrac-
tive parton distributions obtained from QCD fits to inclusive diffractive DIS data [3], with the
measured dijet production cross sections in diffractive DIS and photoproduction are presented
in Figs. 4–10. The inner vertical error bars represent the statistical errors and the outer error bars
denote the quadratic sum of the statistical and uncorrelated systematic errors. The shaded band
around the data points indicates the correlated normalisation uncertainties of the measurements.

7.1 Diffractive Dijet Production in DIS

In Figure 4a, the differential cross section for dijet production in diffractive DIS is presented
as a function of zjets

IP , an estimator of the longitudinal momentum fraction of the diffractive
exchange entering the hard scattering. The measurement is compared with NLO calculations
obtained with the DISENT program interfaced to the ‘H1 2002 fit’ diffractive PDFs. The pre-
diction is corrected for hadronisation effects. The band around the NLO calculation indicates
the uncertainty arising from variations of the renormalisation scale by factors 0.5 and 2. The
uncertainty is ≈ 20 % on average. The variation of the factorisation scale by factors 0.5 and
2 results in a change of the cross section by ±10% on average. This factorisation scale uncer-
tainty is not included in the NLO band. The uncertainty of the NLO calculation does not yet
include the uncertainty in the diffractive PDFs and the uncertainty arising due to the imperfect
knowledge of the hadronisation corrections. The NLO prediction is in good agreement with the
measurement at zjets

IP < 0.6. At higher values the prediction overestimates the cross section.
Within the additional PDF uncertainty the calculation is compatible with the measurement.

The cross section is shown as a function of log10(xIP ) in Figure 4b. It is well described
within the uncertainties by the NLO calculation. The cross section differential in the jet vari-
ables p∗,jet1T , 〈ηlab

jet 〉,
∣∣∆η∗

jet

∣∣ and M12 is shown in Figure 5. Also shown are the DISENT pre-
dictions at NLO with and without hadronisation corrections and at LO without hadronisation
corrections. The NLO corrections to the LO cross section amount to a factor ≈ 1.9 on aver-
age. The NLO correction decreases smoothly with increasing p∗,jet1

T to 1.5 for p∗,jet1
T > 9 GeV.

The NLO calculation is in good agreement with the measured distributions. For η lab
jet < −0.4

11



the prediction overestimates the cross section. This is kinematically related to the excess ob-
served at high xjets

γ which is shown in Figure 6d. The cross section is shown in Figure 6a–c as
function of Q2, y and MX . Good agreement between the measurements and the calculations is
found for these variables. The concept of QCD factorisation is compatible with the measured
diffractive DIS dijet cross section. Similar results have been found in a previous diffractive dijet
analysis [4] and in [33] for diffractive heavy quark production at HERA.

Also shown in Figure 4 is the prediction of the LO Monte Carlo event generator RAPGAP
with parton showers included as a model for higher order corrections. The prediction is lower by
≈ 20% compared with the NLO calculation and is in reasonable agreement with the measured
distribution within the uncertainties.

7.2 Diffractive Photoproduction of Dijets

The cross section for diffractive dijet photoproduction is presented in Figure 7a as a function
of zjets

IP . The measurement is compared with NLO predictions obtained with the Frixione et
al. program interfaced to the NLO ‘H1 2002 fit’ diffractive PDFs and the NLO GRV photon
PDFs. The calculation is corrected for hadronisation effects. The uncertainty shown on the
NLO calculation results from simultaneous variations of the renormalisation and factorisation
scales by factors 0.5 and 2. The uncertainty of the NLO calculation does not yet include the
uncertainty in the diffractive PDFs and the uncertainty arising from the imperfect knowledge of
the hadronisation corrections. The NLO prediction overestimates the cross section by a factor
≈ 2. This is seen also in Figure 7b where the cross section is shown as a function of xjets

γ . The
same measured cross sections as a function of zjets

IP and xjets
γ are shown in Figure 8a and 8b,

respectively, where an overall normalisation factor 0.5 has been applied to the NLO prediction.
With this additional suppression factor for both the hadron-like and the point-like components,
good agreement is obtained with the measurements except at large z jets

IP . The calculation is
compatible with the measured cross section also at large z jets

IP when the uncertainties due to the
diffractive PDFs are taken into account.

The cross section is shown as a function of log10(xIP ) and y in Figure 8c and 8d, respectively.
The scaled NLO prediction describes the measured distributions well within the experimental
uncertainties. In Figure 9 the cross section is shown as a function of the jet variables pjet1

T , 〈ηlab
jet 〉,

|∆ηjet| and M12. The NLO prediction with the additional scaling factor 0.5 describes the cross
section well within the experimental and theoretical uncertainties. All measured distributions
can be well described if a suppression factor of 0.5 is applied which suppresses both the direct
and the resolved components.

In the following, the effect of a suppression of only those processes with a significant pho-
ton remnant energy is investigated. This is suggested by models which attribute factorisation
breaking to secondary interactions among spectators. A suppression factor 0.34 is applied to
that part of the photoproduction NLO calculation for which at the parton level xjets

γ < 0.9. The
factor 0.34 has been calculated in [34] as a relative suppression for resolved photoproduction
when the ratios of diffractive to inclusive jet production are compared in DIS and photoproduc-
tion. The result is shown in Figure 10, where the cross section is displayed as a function of x jets

γ

and y. The cut xjets
γ < 0.9 has been varied between 0.85 and 0.95. For the xjets

γ distribution this
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leads to changes of the prediction in the highest xjets
γ bin of ±10%. This model cannot describe

the shapes of the cross section as a function of xjets
γ and y.

Also shown in Figure 7 is the prediction of the LO Monte Carlo program RAPGAP with
parton showers included as a model for higher order corrections. The RAPGAP prediction uses
the LO versions of the diffractive PDFs and the photon PDFs. It is in good agreement with the
measurement. In contrast to the situation in DIS where the parton shower cascade significantly
increases the cross section, the leading order parton level dijet cross section in photoproduction
is reduced by the inclusion of parton showers.

7.3 Ratio of Dijet Cross Sections in Diffractive Photoproduction and DIS

In Figure 11 the ratio of the measured cross section to that predicted by the NLO calculation
is shown as a function of the inelasticity variable y in the DIS and photoproduction kinematic
regions. The shown y range corresponds to a range of 165 < W < 242 GeV for the γp centre-
of-mass energy W . The NLO calculations are based on the ‘H1 2002 fit’ diffractive parton
densities and are corrected for hadronisation. The vertical error bars correspond to the quadratic
sum of the statistical errors and the systematic errors of the data which are uncorrelated among
the y bins. The error band around the ratio points specify the normalisation uncertainty on
the measurements which is correlated among the bins. Shown at the bottom of the figure is
the uncertainty on the ratio resulting from the variation of the renormalisation scale µr in the
DIS NLO calculation between 0.5 < µr/E

∗,jet1
T < 2. The scale dependence is similar for the

NLO calculation in photoproduction. If the same scale is used for DIS and photoproduction the
scale uncertainty is largely correlated between the two kinematic ranges. Not included is the
uncertainty resulting from the uncertainty on the diffractive parton densities and the uncertainty
due to the imperfect knowledge of the hadronisation corrections.

The ratio of data to NLO prediction for DIS is compatible with unity within the experimental
uncertainties throughout the measured y range. The ratio for photoproduction is around 0.5
throughout the y range indicating a suppression factor which is independent of the centre-of-
mass energy within the uncertainties. Integrated over the measured kinematic range the ratio
of data to NLO expectation for photoproduction is a factor 0.5 ± 0.1 (exp.) smaller than the
same ratio in DIS. The uncertainty is estimated by adding the total experimental errors of both
measurements in quadrature and does not include uncertainties in the calculations. This factor
indicates a breaking of QCD factorisation in diffractive dijet photoproduction. The suppression
factor found in photoproduction has to be compared with the factor ≈ 1/7 needed to account
for the suppression in single-diffractive dijet production at the Tevatron [3, 5].

From a comparison of the LO RAPGAP prediction with the cross sections in DIS and photo-
production no significant suppression is found in photoproduction. This was previously reported
in [35].

8 Summary

Diffractive dijet production has been measured in the same kinematic regions for DIS and pho-
toproduction using the same jet algorithm to allow the closest possible comparison of the cross
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sections. Next-to-leading order QCD calculations for the production of dijets have been inter-
faced with diffractive parton distributions determined by H1 from inclusive diffractive DIS data
to test QCD factorisation in diffraction.

The NLO prediction in DIS describes the measured distributions reasonably well within
the theoretical and experimental uncertainties. The concept of QCD factorisation is compatible
with the measurement results in diffractive DIS. In photoproduction, the NLO calculation over-
estimates the dijet rate significantly but describes the shapes of the measured distributions well
within the theoretical and experimental uncertainties. The data strongly favour a suppression
of both the resolved and the direct component of the NLO calculation in photoproduction by
about the same factor ≈ 0.5 over a model which suppresses only that part of the calculation for
which at the parton level xjets

γ < 0.9 by a factor 0.34. This disfavours models which describe
the breaking of factorisation as the effect of secondary interactions among spectator partons.

The ratio of data to NLO prediction in photoproduction is a factor 0.5 ± 0.1 (exp.) smaller
than the same ratio in DIS. This shows a breaking of QCD factorisation in diffractive dijet
photoproduction with respect to the same process in DIS.
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Figure 4: Cross section for the diffractive production of two jets in the DIS kinematic region
specified in Table 1 as a function of a) zjets

IP and b) log10(xIP ). Also shown is the NLO prediction
of the DISENT program interfaced to the ‘H1 2002 fit’ diffractive NLO PDFs and the RAPGAP
prediction which contains parton showers and is based on the LO PDFs from the same fit. Both
predictions include models of hadronisation effects. The inner error bars represent the statistical
errors and the outer error bars the quadratic sum of the statistical and uncorrelated systematic
errors. The shaded band around the data points shows correlated normalisation uncertainties.
The band around the NLO prediction indicates the uncertainty resulting from the variation of the
renormalisation scale by factors 0.5 and 2. Not shown is the uncertainty resulting from the un-
certainty on the diffractive parton densities and the uncertainty due to the imperfect knowledge
of the hadronisation corrections.
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Figure 5: Cross section for the diffractive production of two jets in the DIS kinematic region
specified in Table 1 as a function of the jet variables a) p∗,jet1

T , b) 〈ηlab
jet 〉, c)

∣∣∆η∗
jet

∣∣ and d) M12.
Also shown is the DISENT prediction based on the ‘H1 2002 fit’ diffractive PDFs at NLO with
and without hadronisation corrections and at LO without hadronisation corrections. For details
see the caption of Figure 4.
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Figure 6: Cross section for the diffractive production of two jets in the DIS kinematic region
specified in Table 1 as a function of the variables a) Q2, b) y, c) MX and d) xjets

γ . Also shown
is the DISENT prediction based on the ‘H1 2002 fit’ diffractive PDFs at NLO with and with-
out hadronisation corrections and at LO without hadronisation corrections. For details see the
caption of Figure 4.
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Figure 7: Cross section for the diffractive production of two jets in the photoproduction kine-
matic region specified in Table 1 as a function of a) zjets

IP and b) xjets
γ . Also shown is the NLO

prediction of the Frixione et al. program interfaced to the ‘H1 2002 fit’ diffractive NLO PDFs
and the RAPGAP prediction, which contains parton showers and is based on the LO PDFs from
the same fit. Both predictions include the effects of hadronisation. The inner error bars repre-
sent the statistical errors and the outer error bars the quadratic sum of the statistical and uncorre-
lated systematic errors. The shaded band around the data points shows correlated normalisation
uncertainties. The band around the NLO prediction indicates the uncertainty resulting from si-
multaneous variations of the renormalisation and factorisation scales by factors 0.5 and 2. Not
shown is the uncertainty resulting from the uncertainty on the diffractive parton densities and
the uncertainty due to the imperfect knowledge of the hadronisation corrections.
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Figure 8: Cross section for the diffractive production of two jets in the photoproduction kine-
matic region specified in Table 1 as a function of a) zjets

IP , b) xjets
γ , c) log10(xIP ) and d) y. Also

shown is the NLO prediction of the Frixione et al. program interfaced to the ‘H1 2002 fit’
diffractive PDFs with and without hadronisation corrections, scaled by an overall normalisation
factor 0.5. For details see the caption of Figure 7.
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Figure 9: Cross section for the diffractive production of two jets in the photoproduction kine-
matic region specified in Table 1 as a function of the jet variables a) pjet1

T , b) 〈ηlab
jet 〉, c) |∆ηjet|

and d) M12. Also shown is the NLO prediction of the Frixione et al. program interfaced to the
‘H1 2002 fit’ diffractive PDFs with and without hadronisation corrections, scaled by an overall
normalisation factor 0.5. For details see the caption of Figure 7.
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Figure 10: Cross section for the diffractive production of two jets in the photoproduction kine-
matic region specified in Table 1 as a function of a) xjets

γ and b) y. Also shown is the NLO pre-
diction of the Frixione et al. program interfaced to the ‘H1 2002 fit’ diffractive PDFs with hadro-
nisation corrections. The part of the NLO calculation for which at the parton level xjets

γ < 0.9
is scaled by 0.34. For details see the caption of Figure 7.
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based on the ‘H1 2002 fit’ diffractive PDFs and are corrected for hadronisation effects. The
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