
ETH Library

Tests of QCD factorisation in the
diffractive production of dijets
in deep-inelastic scattering and
photoproduction at HERA

Journal Article

Author(s):
H1 Collaboration; Aktas, A.; Berger, N.; Del Degan, Marc A.; Grab, Christoph; Leibenguth, Guillaume; Sauter, M.; Schöning, André;
Weber, Ronald; Zimmermann, T.; et al.

Publication date:
2007-08

Permanent link:
https://doi.org/10.3929/ethz-b-000004928

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
The European Physical Journal C 51(3), https://doi.org/10.1140/epjc/s10052-007-0325-4

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-b-000004928
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1140/epjc/s10052-007-0325-4
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Eur. Phys. J. C 51, 549–568 (2007) THE EUROPEAN
PHYSICAL JOURNAL C

DOI 10.1140/epjc/s10052-007-0325-4

Regular Article – Experimental Physics

Tests of QCD factorisation in the diffractive production of dijets
in deep-inelastic scattering and photoproduction at HERA
The H1 Collaboration

A. Aktas10, V. Andreev24, T. Anthonis4, B. Antunovic25, S. Aplin10, A. Asmone32, A. Astvatsatourov4,
A. Babaev23,†, S. Backovic29, A. Baghdasaryan37, P. Baranov24, E. Barrelet28, W. Bartel10, S. Baudrand26,
M. Beckingham10, K. Begzsuren34, O. Behnke13,a, O. Behrendt7, A. Belousov24, N. Berger39, J.C. Bizot26,
M.-O. Boenig7, V. Boudry27, I. Bozovic-Jelisavcic2, J. Bracinik25, G. Brandt13, M. Brinkmann10, V. Brisson26,
D. Bruncko15, F.W. Büsser11, A. Bunyatyan12,37, G. Buschhorn25, L. Bystritskaya23, A.J. Campbell10,
K.B. Cantun Avila21, F. Cassol-Brunner20, K. Cerny31, V. Cerny15,46, V. Chekelian25, A. Cholewa10,
J.G. Contreras21, J.A. Coughlan5, G. Cozzika9, J. Cvach30, J.B. Dainton17, K. Daum36,42, Y. de Boer23,
B. Delcourt26, M. Del Degan39, A. De Roeck10,44, E.A. De Wolf4, C. Diaconu20, V. Dodonov12, A. Dubak29,45,
G. Eckerlin10, V. Efremenko23, S. Egli35, R. Eichler35, F. Eisele13, A. Eliseev24, E. Elsen10, S. Essenov23,
A. Falkewicz6, P.J.W. Faulkner3, L. Favart4, A. Fedotov23, R. Felst10, J. Feltesse9,47, J. Ferencei15, L. Finke10,
M. Fleischer10, G. Flucke11, A. Fomenko24, G. Franke10, T. Frisson27, E. Gabathuler17, E. Garutti10, J. Gayler10,
S. Ghazaryan37, S. Ginzburgskaya23, A. Glazov10, I. Glushkov38, L. Goerlich6, M. Goettlich10, N. Gogitidze24,
S. Gorbounov38, M. Gouzevitch27, C. Grab39, T. Greenshaw17, M. Gregori18, B.R. Grell10, G. Grindhammer25,
S. Habib11,b, D. Haidt10, M. Hansson19, G. Heinzelmann11, C. Helebrant10, R.C.W. Henderson16, H. Henschel38,
G. Herrera22, M. Hildebrandt35, K.H. Hiller38, D. Hoffmann20, R. Horisberger35, A. Hovhannisyan37, T. Hreus4,43,
S. Hussain18, M. Jacquet26, X. Janssen4, V. Jemanov11, L. Jönsson19, D.P. Johnson4, A.W. Jung14, H. Jung10,
M. Kapichine8, J. Katzy10, I.R. Kenyon3, C. Kiesling25, M. Klein38, C. Kleinwort10, T. Klimkovich10, T. Kluge10,
G. Knies10, A. Knutsson19, V. Korbel10, P. Kostka38, M. Kraemer10, K. Krastev10, J. Kretzschmar38,
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Z. Zhang26, A. Zhelezov23, A. Zhokin23, Y.C. Zhu10, J. Zimmermann25, T. Zimmermann39, H. Zohrabyan37,
F. Zomer26

1 I. Physikalisches Institut der RWTH, Aachen, Germanyd
2 Vinca Institute of Nuclear Sciences, Belgrade, Serbia
3 School of Physics and Astronomy, University of Birmingham, Birmingham, UKe

4 Inter-University Institute for High Energies ULB-VUB, Brussels; Universiteit Antwerpen, Antwerpen, Belgiumf
5 Rutherford Appleton Laboratory, Chilton, Didcot, UKe
6 Institute for Nuclear Physics, Cracow, Polandg

7 Institut für Physik, Universität Dortmund, Dortmund, Germanyd
8 Joint Institute for Nuclear Research, Dubna, Russia



550 The H1 Collaboration: Tests of QCD factorisation in the diffractive production of dijets

9 CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France
10 DESY, Hamburg, Germany
11 Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germanyd
12 Max-Planck-Institut für Kernphysik, Heidelberg, Germany
13 Physikalisches Institut, Universität Heidelberg, Philosophenweg 12, 69120 Heidelberg, Germanyd

14 Kirchhoff-Institut für Physik, Universität Heidelberg, Heidelberg, Germanyd

15 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republich
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Abstract. Measurements are presented of differential dijet cross sections in diffractive photoproduction
(Q2 < 0.01 GeV2) and deep-inelastic scattering processes (DIS, 4<Q2 < 80 GeV2). The event topology is
given by ep→ eXY , in which the system X, containing at least two jets, is separated from a leading low-
mass baryonic system Y by a large rapidity gap. The dijet cross sections are compared with NLO QCD
predictions based on diffractive parton densities previously obtained from a QCD analysis of inclusive
diffractive DIS cross sections by H1. In DIS, the dijet data are well described, supporting the validity of
QCD factorisation. The diffractive DIS dijet data are more sensitive to the diffractive gluon density at high
fractional parton momentum than the measurements of inclusive diffractive DIS. In photoproduction, the
predicted dijet cross section has to be multiplied by a factor of approximately 0.5 for both direct and re-
solved photon interactions to describe the measurements. The ratio of measured dijet cross section to NLO
prediction in photoproduction is a factor 0.5±0.1 smaller than the same ratio in DIS. This suppression is the
first clear observation of QCD hard scattering factorisation breaking at HERA. The measurements are also
compared to the two soft colour neutralisation models SCI and GAL. The SCI model describes diffractive
dijet production in DIS but not in photoproduction. The GAL model fails in both kinematic regions.

a e-mail: obehnke@mail.desy.de
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1 Introduction

It can be shown in quantum chromodynamics (QCD) that
the cross section for diffractive processes in deep-inelastic
ep scattering (DIS) factorises into universal diffractive par-
ton density functions (DPDFs) of the proton and process-
dependent hard scattering cross sections (QCD factorisa-
tion) [1]. Diffractive parton densities have been determined
from QCD fits to inclusive diffractive cross section meas-
urements in DIS by H1 [2, 3]. It was found that most of the
momentum of the diffractive exchange is carried by gluons.
Final state configurations for which a partonic cross

section is perturbatively calculable include dijet and heavy
quark production, which are directly sensitive to the
diffractive gluon distribution. Previous measurements of
diffractive dijet production in DIS [4, 5] have been found
to be described by leading order (LO) Monte Carlo (MC)
QCD calculations based on the factorisation approach that
use the diffractive parton densities from [2] and include
parton showers to simulate higher order effects. However,
using the same diffractive parton densities in LO QCD
calculations overestimates the cross section for single-
diffractive dijet production in pp̄ collisions at the Tevatron
by approximately one order of magnitude [6]. This discrep-
ancy has been attributed to the presence of the additional
beam hadron remnant in pp̄ collisions, which leads to sec-
ondary interactions. The suppression, often characterised
by a ‘rapidity gap survival probability,’ cannot be calcu-
lated perturbatively but has been parameterised in various
ways (see, e.g., [7–11]).
An alternative approach to diffractive scattering is

taken by soft colour neutralisation models in which diffrac-
tion is described by partonic hard scattering processes

b Supported by a scholarship of the World Laboratory Björn
Wiik Research Project
c This project is co-funded by the European Social Fund
(75%) and National Resources (25%) – (EPEAEK II) –
PYTHAGORAS II
d Supported by the Bundesministerium für Bildung und
Forschung, FRG, under contract numbers 05 H1 1GUA /1, 05
H1 1PAA /1, 05 H1 1PAB /9, 05 H1 1PEA /6, 05 H1 1VHA /7
and 05 H1 1VHB /5
e Supported by the UK Particle Physics and Astronomy Re-
search Council, and formerly by the UK Science and Engineer-
ing Research Council
f Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and
IWT and by Interuniversity Attraction Poles Programme, Bel-
gian Science Policy
g Partially Supported by Polish Ministry of Science and
Higher Education, grant PBS/DESY/70/2006
h Supported by VEGA SR grant no. 2/7062/ 27
i Supported by the Swedish Natural Science Research Council
j Supported by CONACYT, México, grant 400073-F
k Partially Supported by Russian Foundation for Basic Re-
search, grants 03-02-17291 and 04-02-16445
l Supported by the Deutsche Forschungsgemeinschaft
m Supported by the Ministry of Education of the Czech Re-
public under the projects LC527 and INGO-1P05LA259
n Supported by the Swiss National Science Foundation

with subsequent reconfiguration of colour between the final
state partons. One of these models is the soft colour inter-
action model [12, 13] which, when tuned to describe inclu-
sive diffractive HERA measurements, also gives a reason-
able description [14] of diffractive Tevatron data [6, 15–19].
The transition from deep-inelastic scattering to hadron–

hadron scattering can be studied at HERA by compar-
ing scattering processes in DIS and in photoproduction.
In photoproduction, the beam lepton emits a quasi-real
photon which interacts with the proton (γp collision). Pro-
cesses in which the 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 engage in the hard scattering re-
semble hadron–hadron scattering. These resolved photon
processes can produce gluon–gluon and gluon–quark final
states, which are present in pp̄ collisions but negligible in
DIS. Furthermore, they have an additional hadronic rem-
nant which opens up the possibility of remnant–remnant
interactions. QCD factorisation is proven for diffractive
DIS, is also expected to hold for direct photon interactions
in diffractive photoproduction [1], but not for resolved
processes. Previous comparisons of diffractive photopro-
duction dijet data with LOMCmodels showed consistency
with QCD factorisation within large uncertainties [4].
Measurements of diffractiveD∗ meson (charm) produc-

tion are well described by next-to-leading order (NLO)
QCD calculations and by LOMonte Carlo models based on
diffractive parton densities in both DIS [20–23] and photo-
production [23]. However, these measurements suffer from
large statistical uncertainties of the data.
In this paper, a more precise test of QCD factorisation

for diffractive dijet production in DIS and photoproduc-
tion is presented. Measurements of diffractive dijet cross
sections are compared with NLO QCD predictions based
on recently published diffractive parton densities [3] from
H1. In addition, the dijet cross sections are also compared
with two versions of the LO soft colour interaction model.
The data were collected with the H1 detector at HERA
in the years 1996 and 1997. For photoproduction the inte-
grated luminosity is increased by one order of magnitude
with respect to previous results. For DIS, the same data
sample is used as in a previous measurement [5]. Jets are
defined using the inclusive kT cluster algorithm [24, 25]
with asymmetric cuts on the jet transverse energies to fa-
cilitate comparisons with NLO predictions [26–28]. Apart
from the different ranges for the photon virtuality, the DIS
and photoproduction measurements are performed in the
same kinematic range to allow the closest possible compar-
ison of the results.

2 Kinematics

The generic diffractive positron-proton interaction ep→
eXY is illustrated in Fig. 1. The positron (4-momentum
k) exchanges a photon (q) which interacts with the proton
(P ). The produced final state hadrons are, by definition,
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Fig. 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

divided into the systemsX and Y , separated by the largest
gap in the hadron rapidity distribution relative to the γ(∗)p
collision axis in the photon–proton centre-of-mass frame.
The system Y lies in the outgoing proton beam direction.
Examples of direct and resolved photon processes with

dijets in the final state are depicted in Fig. 2. Resolved pro-
cesses give a large contribution in photoproduction but are
suppressed in DIS. The diffractive exchange in these dia-
grams is depicted as a pomeron (IP).
The usual DIS kinematic variables are defined as:

Q2 ≡−q2 , y ≡
q ·P

k ·P
, x≡

Q2

2P · q
. (1)

These three variables are related through Q2 ≈ sxy, in
which s ≡ (k+P )2 is the fixed ep centre-of-mass energy
squared. The invariant mass of the photon-proton system
W is given by

W =
√
(q+P )2 ≈

√
ys−Q2 . (2)

With pX and pY representing the 4-momenta of the sys-
tems X and Y , we define

M2X ≡ p
2
X , M

2
Y ≡ p

2
Y , t≡ (P −pY )

2 ,

xIP ≡
q · (P −pY )

q ·P
. (3)

The quantitiesMX andMY are the invariant masses of the
systems X and Y , t is the squared four-momentum trans-
ferred at the proton vertex and xIP represents the fraction
of the proton beam momentum transferred to the system

Fig. 2. Leading order diagrams for diffractive
dijet production at HERA with the diffrac-
tive exchange depicted as a pomeron (IP). (a)
Direct (point-like) photon process (photon–
gluon–fusion), (b) resolved (hadron-like) pho-
ton process

X. Diffractive events are characterised by small values of
xIP (∼< 0.05). With u and v denoting the four-momenta of
the two partons (Fig. 2b) or photon and parton (Fig. 2a)
entering the hard subprocess, the dijet system has squared
invariant mass

M212 = (u+ v)
2 . (4)

The fractional longitudinal momenta carried by the par-
tons from the photon (xγ) and the diffractive exchange
(zIP ) are given by

xγ =
P ·u

P · q
, zIP =

q ·v

q · (P −pY )
. (5)

The measurements are performed in the region xIP < 0.03,
−t < 1 GeV2 and MY < 1.6GeV, where the cross section
is dominated by scattering processes in which the proton
stays intact.

3 Diffractive dijet production
in the factorisation approach

In the QCD factorisation approach, diffractive ep dijet
cross sections are calculated according to the formula

dσ(ep→ e+2 jets+X ′+Y )

=
∑

i,j

∫
dyfγ/e(y)

∫
dxγfj/γ

(
xγ , µ

2
F

)

×

∫
dt

∫
dxIP

∫
dzIP dσ̂(ij→ 2 jets) f

D
i

(
zIP , µ

2
F , xIP , t

)
,

(6)

in which the sum runs over all contributing partons, fγ/e
is the photon flux from the positron and fj/γ are the pho-
ton parton densities. For direct photon interactions, fj/γ =
δ(1−xγ). The partonic cross sections are denoted by σ̂
and fDi are the diffractive parton densities of the proton.
The factorisation scale µF is assumed to be identical at
the photon and proton vertices. In the present analysis, the
jet transverse energy is larger than Q for most of the data
and is therefore used as the factorisation scale and as the
renormalisation scale both in DIS and in photoproduction.
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The variableX ′ denotes the part of the hadronic systemX
which is not contained in the two jets.
The H1 Collaboration has determined diffractive par-

ton densities from QCD fits to inclusive diffractive DIS
data in [2, 3]. In the parameterisations used for these fits,
the xIP and t dependences of the diffractive parton distri-
butions were factorised from the dependences on the scale
µF and the fractional parton momentum zIP :

fDi
(
zIP , µ

2
F , xIP , t

)
= fIP (xIP , t) fi,IP

(
zIP , µ

2
F

)
. (7)

The factor fIP (xIP , t) was parameterised as suggested by
Regge theory. The dependence on zIP was parameterised
at a starting scale and evolved to the scale at which the
inclusive data were measured using the DGLAP evolution
equations [29–33]. The inclusive diffractive DIS data [2, 3]
are well described using this approach. For xIP > 0.01,
small additional contributions from sub-leading meson
(‘reggeon’) exchange have to be taken into account to de-
scribe the data.
The H1 Collaboration has published QCD fits to two

different data sets of inclusive diffractive DIS events. In
a first analysis [2], data taken in the year 1994 were used to
extract the LO ‘H1 fit 2’ parton densities which have been
used previously in comparisons with diffractive dijet pro-
duction in DIS at HERA and at the Tevatron. A second
analysis was based on the larger data samples of the years
1997–2000 [3]. The fit in [3] led to the NLO ‘H1 2006 Fit A’
and NLO ‘H1 2006 Fit B’ DPDFs which both give a good
description of inclusive diffraction, and which are the basis
of the dijet predictions in this paper. The two sets of parton
densities differ mainly in the gluon density at high frac-
tional parton momentum, which is poorly constrained by
the inclusive diffractive scattering data. The gluon density
of Fit A is peaked at the starting scale at high fractional
momentum and that of Fit B is flat.

4 Next-to-leading order QCD calculations

Existing programs which calculate NLO QCD partonic
cross sections for dijet production in inclusive DIS and
photoproduction can be adapted to calculate cross sections
in diffraction. For DIS, the DISENT [34] program is used,
as suggested in [35]. It was demonstrated in [26, 36, 37] that
dijet calculations using this program agree very well with
the results from other programs [37–41]. The program by
Frixione et al. [42–44] is used for photoproduction.
The two NLO programs are adapted to calculate

diffractive cross sections according to the following proced-
ure. The cross section at fixed 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 DPDFs are as-
sumed to factorise from the zIP and µF dependences, the
proton PDFs can be replaced by the parton densities of the
diffractive exchange fi,IP (zIP , µ

2
F ). The cross sections are

multiplied by fIP (xIP , t), integrated between t =−1 GeV2

and the maximum kinematically allowed value of t. In the
same way, a ≈ 3% contribution from Reggeon exchange

is calculated. Kinematic effects on the partonic configu-
rations arising from finite values of t are neglected. To
compare the results with the measured cross sections in the
region xIP < 0.03, the results are integrated over xIP .
The diffractive dijet cross sections of the modified pro-

grams have been compared at the LO tree level with pre-
dictions of the Monte Carlo generator RAPGAP [45, 46]
(see also Sect. 6.4). Good agreement has been found for
both DIS and photoproduction, indicating that the diffrac-
tive extension works correctly. The diffractive NLO predic-
tions agree with independent calculations in both DIS and
photoproduction [47, 48].
For the NLO predictions in this paper, the recent H1

2006 DPDFs are used and the 2-loop strong coupling
αs(MZ) is set to 0.118; the same value is used in the evo-
lution of the parton densities [3]. The renormalisation scale
is set to the transverse energy of the leading parton jet in
the photon–proton centre-of-mass frame. In DISENT it is
not possible to change the factorisation scale on an event-
by-event basis. It is therefore set to the average ET of the
leading jet observed in the DIS measurement (6.2 GeV).
Variations of the QCD renormalisation scale by factors 0.5
and 2 in DISENT result in changes of the predicted dijet
cross section by approximately +24% and −17%, respec-
tively, integrated over the DIS kinematic range specified
in Table 1. Varying the factorisation scale by factors 0.5
and 2 leads to changes of the predicted dijet cross sec-
tion by approximately +8% and −7%, respectively. In the
Frixione program for photoproduction, the factorisation
and renormalisation scales are fixed to be equal. Variations
of the scales by factors 0.5 and 2 change the predicted cross
section by approximately +33% and −21%, respectively,
integrated over the photoproduction kinematic range spec-
ified in Table 1. In photoproduction, the GRV HO photon
PDFs [49, 50] are used. Photon parton densities are not
used in DISENT.
The calculated NLO parton jet cross sections are cor-

rected for the effects of hadronisation. The corrections,
defined as

(1+ δhad)i =

(
σhadrondijet

σpartondijet

)

i

, (8)

Table 1. The kinematic ranges of the measured hadron level ep
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 > 5GeV

E
∗,jet2
T > 4GeV

−1< ηjet(1,2) < 2 −3< η∗jet(1,2) < 0

xIP < 0.03
MY < 1.6 GeV
−t < 1 GeV2
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are determined for both DIS and photoproduction in
every measurement bin i using the two Monte Carlo
generators RAPGAP with Lund string fragmentation
and HERWIG [51, 52] with cluster fragmentation. The
HERWIG programwas extended to diffraction in the man-
ner described above for the NLO programs and uses LO

Table 2. The hadron level differential cross section of diffractive dijet production in ep collisions in the DIS kine-
matic range specified in Table 1. The quoted cross section is the average value over the bin specified in the first
column. The quantity∆stat is the statistical uncertainty,∆corr the bin-correlated systematic uncertainty and∆tot
the total quadratic sum of statistical and systematic errors including ∆corr. The quantity 1+ δhad is the factor by
which the parton level NLO calculation is multiplied to correct for hadronisation effects

Diffractive DIS dijet cross sections

z
jets
IP dσ/dzjetsIP (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[0.1, 0.4) 59 5 5 10 1.00±0.03
[0.4, 0.6) 34 4 3 8 0.97±0.02
[0.6, 0.8) 16 3 2 4 0.95±0.02
[0.8, 1) 5.2 1.2 0.6 2.0 1.0±0.2

log10(xIP ) dσ/dlog10(xIP ) (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[−2.3,−1.9) 20.3 2.6 1.5 4.3 1.01±0.02
[−1.9,−1.7) 43 5 3 7 0.99±0.01
[−1.7,−1.5) 62 7 8 13 0.98±0.04

W (GeV) dσ/dW ∆stat ∆corr ∆tot 1+ δhad
(pb GeV−1) (pb GeV−1) (pb GeV−1) (pb GeV−1)

[165, 185) 0.45 0.06 0.04 0.10 0.95±0.03
[185, 205) 0.40 0.05 0.03 0.08 1.00±0.03
[205, 225) 0.37 0.05 0.03 0.07 1.00±0.02
[225, 242) 0.33 0.05 0.04 0.07 1.03±0.02

Q2 (GeV2) dσ/dQ2 ∆stat ∆corr ∆tot 1+ δhad
(pb GeV−2) (pb GeV−2) (pb GeV−2) (pb GeV−2)

[4, 6) 3.4 0.5 0.2 0.7 0.97±0.02
[6, 8) 2.4 0.4 0.2 0.5 0.99±0.02
[8, 12) 0.83 0.17 0.08 0.21 0.98±0.02
[12, 20) 0.63 0.10 0.06 0.14 1.01±0.06
[20, 30) 0.47 0.08 0.06 0.12 0.96±0.03
[30, 40) 0.18 0.05 0.02 0.06 1.03±0.05
[40, 80) 0.081 0.021 0.009 0.026 1.03±0.02

E
∗,jet1
T (GeV) dσ/dE

∗,jet1
T ∆stat ∆corr ∆tot 1+ δhad

(pb GeV−1) (pb GeV−1) (pb GeV−1) (pb GeV−1)

[5, 7) 9.3 0.8 0.6 1.5 1.03±0.01
[7, 9) 4.1 0.5 0.4 0.9 0.96±0.01
[9, 11) 1.0 0.2 0.2 0.4 0.91±0.09

〈ηlabjet 〉 dσ/d〈ηlabjet 〉 (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[−0.7,−0.4) 21 3 2 5 0.97±0.06
[−0.4,−0.1) 29 4 3 6 1.06±0.03
[−0.1, 0.2) 21 3 2 5 1.03±0.02
∣
∣
∣∆η∗jet

∣
∣
∣ dσ/d

∣
∣
∣∆η∗jet

∣
∣
∣ (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[0, 0.5) 30 3 2 5 0.96±0.04
[0.5, 1) 15 2 2 3 1.06±0.05
[1, 2) 5.9 0.8 0.5 1.3 1.01±0.06

diffractive parton densities. For the parton level cross sec-
tion σpartondijet the jet algorithm operates on the final state
partons after the parton shower cascade. The hadronisa-
tion correction is calculated as the mean of the corrections
obtained fromRAPGAP and HERWIG. The difference be-
tween the two corrections serves as an error estimate. In
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DIS, the hadron level dijet cross section does not differ
significantly from the cross section at the parton level. In
photoproduction, the hadron level cross section is lower
than the parton level cross section by 10% on average. The
correction is particularly large at high xγ where contribu-

Table 3. The hadron level differential cross section of diffractive dijet production in ep collisions in the photopro-
duction kinematic range specified in Table 1. For details see the caption of Table 2

Diffractive Photoproduction dijet cross sections

z
jets
IP dσ/dzjetsIP (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[0.1, 0.4) 290 20 30 50 0.85±0.01
[0.4, 0.6) 340 20 40 70 0.86±0.02
[0.6, 0.8) 310 20 30 50 0.95±0.06
[0.8, 1) 150 10 10 30 1.00±0.04

x
jets
γ dσ/dxjetsγ (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[0.1, 0.4) 150 10 20 30 0.69±0.02
[0.4, 0.6) 250 20 20 50 0.80±0.02
[0.6, 0.8) 370 20 20 40 1.36±0.05
[0.8, 1) 350 20 60 70 0.81±0.02

log10(xIP ) dσ/dlog10(xIP ) (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[−2.3,−2.1) 110 10 10 30 1.13±0.05
[−2.1,−1.9) 200 10 20 30 0.94±0.02
[−1.9,−1.7) 350 20 30 50 0.88±0.02
[−1.7,−1.5) 550 30 60 100 0.84±0.01

W (GeV) dσ/dW ∆stat ∆corr ∆tot 1+ δhad
(pb GeV−1) (pb GeV−1) (pb GeV−1) (pb GeV−1)

[165, 185) 3.8 0.2 0.4 0.6 0.87±0.02
[185, 205) 3.5 0.2 0.3 0.5 0.92±0.02
[205, 225) 3.0 0.2 0.3 0.4 0.93±0.02
[225, 242) 2.4 0.2 0.2 0.4 0.85±0.02

E
jet1
T (GeV) dσ/dEjet1T ∆stat ∆corr ∆tot 1+ δhad

(pb GeV−1) (pb GeV−1) (pb GeV−1) (pb GeV−1)

[5, 7) 85 3 7 12 0.85±0.01
[7, 9) 28 2 3 4 0.98±0.03
[9, 11) 7.3 0.8 1.0 1.9 1.02±0.05

〈ηlabjet 〉 dσ/d〈ηlabjet 〉 (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[−0.7,−0.4) 140 10 20 30 0.88±0.02
[−0.4,−0.1) 230 10 20 30 1.01±0.02
[−0.1, 0.2) 190 10 20 30 0.99±0.02
[0.2, 0.8) 89 6 7 13 0.79±0.02
∣
∣∆ηjet

∣
∣ dσ/d

∣
∣∆ηjet

∣
∣ (pb) ∆stat (pb) ∆corr (pb) ∆tot (pb) 1+ δhad

[0, 0.5) 179 9 19 29 0.88±0.01
[0.5, 1) 157 9 14 21 0.90±0.02
[1, 1.5) 88 6 7 13 0.90±0.02
[1.5, 2) 55 5 6 9 0.90±0.03

M12 (GeV) dσ/dM12 ∆stat ∆corr ∆tot 1+ δhad
(pb GeV−1) (pb GeV−1) (pb GeV−1) (pb GeV−1)

[9, 17) 25.6 0.9 2.3 3.9 0.88±0.01
[17, 27) 3.8 0.3 0.4 0.7 0.97±0.03

tions with xγ ≈ 1 at the parton level are smeared towards
lower values due to hadronisation. The estimated uncer-
tainty on (1+ δhad) is 20% for z

jets
IP > 0.8 in DIS and less

than 10% in all other measurement bins. It is listed in Ta-
bles 2–3.
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The uncertainty on the parton densities arising from
experimental and theoretical uncertainties in the fit to in-
clusive diffractive data are much smaller than the QCD
scale uncertainties of the dijet predictions and are neg-
lected. The NLO corrections increase the LO cross section
by factors 1.9 and 1.7 on average in DIS and photoproduc-
tion, respectively. This large correction is due to the low
transverse energy of the jets.

5 Soft colour neutralisation

An approach conceptually different from that of diffractive
parton densities is provided by soft colour neutralisation
models. In these models, diffractive scattering is described
by DIS or photoproduction hard scattering processes with
subsequent colour rearrangements between the final state
partons. This soft reconfiguration leaves the parton mo-
menta unchanged and can produce colour singlet systems
which are separated by a large rapidity gap.
The soft colour interaction model (SCI) [12, 13] con-

tains one free parameter, the colour rearrangement prob-
ability, which was fitted to FD2 measurements. A refined
version of the model (GAL) [53] uses a generalised area law
for the colour rearrangement probability. Both versions of
the model give a reasonably good description [14] of HERA
inclusive diffractive cross sections and of diffractive pro-
cesses at the Tevatron [6, 15–19].
Predictions for diffractive dijet production in the SCI

and GAL models are obtained using the LO generator pro-
grams LEPTO [54] and PYTHIA [55] for the DIS and pho-
toproduction kinematic regions, respectively. Higher order
QCD effects are simulated using parton showers. The cal-
culations are based on the CTEQ5L LO parton densities of
the proton [56].

6 Experimental procedure

6.1 H1 detector

A detailed description of the H1 detector can be found
in [57, 58]. Here, a brief account of the components most
relevant to the present analysis is given. The H1 coordinate
system convention defines the outgoing proton beam direc-
tion as the positive z axis, also referred to as the ‘forward’
direction. The polar angle θ is measured relative to this
axis and the pseudorapidity is defined as η ≡− ln tan(θ/2).
The central ep interaction region is surrounded by two

large concentric jet drift chambers, two z chambers, and
two multi-wire proportional chambers (MWPCs), located
inside a 1.15 T solenoidal magnetic field. Charged par-
ticle momenta are measured by the drift chambers in
the range −1.5< η < 1.5 with a resolution of σ(pT)/pT �
0.005pT/GeV⊕0.015. The MWPCs provide fast trigger in-
formation based on the signals of charged particles. In the
central and forward region the track detectors are sur-
rounded by a finely segmented liquid argon calorimeter
(LAr). It consists of an electromagnetic section with lead

absorbers and a hadronic section with steel absorbers and
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 backward region−4< η <−1.4 is covered
by a lead/scintillating fibre calorimeter (SPACAL) [59, 60]
consisting of an electromagnetic and a hadronic section.
The electromagnetic part is used to identify and meas-
ure the scattered positron in DIS events with an energy
resolution of σ(E)/E � 0.07/

√
E/GeV⊕0.01. In front of

the SPACAL, the backward drift chamber (BDC) provides
track segments of charged particles with a resolution of
σ(r) = 0.4mm and rσ(φ) = 0.8mm.
The forward region is instrumented with the forward

muon detector (FMD) and the proton remnant tagger
(PRT). Three double layers of drift chambers of the FMD
are used to detect particles with pseudorapidities in the
range 1.9 < η < 3.7. The FMD can also detect particles
from larger pseudorapidities which reach the detector after
undergoing secondary scattering with the beam-pipe. 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 with a precision of 1.5%

via the Bethe–Heitler bremsstrahlung process ep→ epγ,
the photon being detected in a crystal calorimeter at z =
−103m. A further crystal calorimeter at z =−33m is used
as a small angle positron detector to measure the scattered
positron in photoproduction events.

6.2 Event selection

The data correspond to an integrated luminosity of 18 pb−1

and were taken in the 1996 and 1997 running periods,
in which HERA collided 820GeV protons with 27.5GeV
positrons. Themeasurements are described in detail in [61].
The photoproduction data are collected using a trigger

which requires the scattered positron to be measured in the
small angle positron detector, at least three tracks to be re-
constructed in the central jet chambers and an event vertex
to be identified.A veto cut requiring less than 0.5 GeV of en-
ergy deposited in the photon detector of the luminosity sys-
tem suppresses initial state radiation and coincidences with
bremsstrahlung events. The geometrical acceptance of the
small scattering angle positron detector limits the photon
virtuality toQ2< 0.01GeV2 and the photon–proton centre-
of-mass energy to 165<W < 242GeV.
DIS events are collected using a trigger which requires

the scattered positron to be detected in the backward
electromagnetic calorimeter (SPACAL), an event vertex
to be identified and at least one high transverse momen-
tum track (pT > 0.8 GeV) to be measured in the central
jet chambers. Several cuts are applied on the SPACAL
positron candidate to reduce background from photons
and hadrons. The electromagnetic cluster energy is re-
quired to be larger than 8 GeV and requirements are im-
posed on the width of the electromagnetic shower, the con-
tainment in the electromagnetic section of the SPACAL
and an associated track segment in the BDC. DIS events
with initial state QED radiation are suppressed by requir-
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ing the summed E−pz of all final state particles including
the positron to be greater than 35GeV. The range in the
photon virtuality is restricted to 4 < Q2 < 80GeV2. The
photon–proton centre-of-mass energy W is restricted to
the same range as for photoproduction.
Diffractive events are selected in the same way as for

the inclusive diffractive cross section measurement [3] used
for the extraction of the DPDFs. No signals above noise
thresholds are allowed in the FMD or PRT. In the LAr, no
cluster with an energy of more than 400MeV 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 re-
gion 3.2< η < 7.5, and restrictMY and t to approximately
MY < 1.6GeV and −t < 1 GeV2. A cut xIP < 0.03 further
reduces non-diffractive contributions.
The hadronic system X is measured in the LAr and

SPACAL calorimeters and the central tracking system.
Calorimeter cluster energies and track momenta are com-
bined into hadronic objects using an algorithm which
avoids double counting [62]. Jets are formed from the
hadronic objects, using the inclusive kT cluster algo-
rithm [24, 25] with a distance parameter of unity in the
photon–proton rest frame, which is identical to the labo-
ratory frame for photoproduction up to a Lorentz boost
along the beam axis. The pT recombination scheme is used,
which leads to massless jets. At least two jets are required,
with transverse energies E∗,jet1T > 5 GeV and E∗,jet2T >
4 GeV for the leading and sub-leading jet, respectively.1

The jet axes of the two leading jets are required to lie
within the region −1< ηlabjet < 2, well within the accept-
ance of the LAr calorimeter. The final selection yields 1365
events in photoproduction and 322 events in DIS.

6.3 Kinematic reconstruction

6.3.1 Reconstruction of DIS events

In the DIS analysis, the energy Ee and the polar angle θe
of the scattered positron are measured in the backward
calorimeter SPACAL and y and Q2 are reconstructed ac-
cording to

y = 1−
Ee

E0e
sin2
θe

2
, Q2 = 4E0eEe cos

2 θe

2
, (9)

in which E0e is the positron beam energy. The invariant
mass MX of the hadronic system X is reconstructed from
the energiesEi and the momenta pi of all hadronic objects:

M2X =

(
∑

i∈X

Ei

)2
−

(
∑

i∈X

pi

)2
. (10)

The photon–proton centre-of-mass energy W is recon-
structed according to (2) and the variable xIP is given by

xIP =
Q2+M2X
Q2+W 2

. (11)

1 The ‘*’ denotes variables in the photon–proton rest frame.

The estimators xjetsγ and zjetsIP of the fractional momenta
of the partons entering the hard sub-process are recon-
structed as

xjetsγ =

∑2
i=1

(
E∗jet i−p

∗
z,jet i

)

∑
i∈X

(
E∗i −p

∗
z,i

) , zjetsIP =
Q2+M212
Q2+M2X

. (12)

6.3.2 Reconstruction of photoproduction events

In the photoproduction analysis, the energyEe of the scat-
tered positron is measured in the small scattering angle
positron detector and y is reconstructed according to

y = 1−Ee/E
0
e . (13)

The estimators xjetsγ and zjetsIP are reconstructed as

xjetsγ =

∑2
i=1 (Ejet i−pz,jet i)

2yE0e
,

zjetsIP =

∑2
i=1 (Ejet i+pz,jet i)

2xIPEp
, (14)

in which Ep is the incident proton beam energy. The vari-
able xIP is reconstructed according to

xIP =

∑
i∈X (Ei+pz,i)

2Ep
. (15)

The reconstruction of zjetsIP and xIP is different from the
DIS case due to the large contribution of resolved photon
processes.

6.4 Monte Carlo simulations

Monte Carlo programs are used in the analysis to correct
the measured distributions for detector effects. The H1 de-
tector response is simulated using detailed detector simu-
lation programs based on GEANT [63]. The Monte Carlo
events are subjected to the same analysis chain as the data.
The main Monte Carlo generator used to correct the

data distributions is RAPGAP [45, 46]. Events are gener-
ated according to a convolution of LO diffractive parton
densities with LO QCDmatrix elements for the hard 2→ 2
subprocess. The ‘H1 fit 2’ DPDFs of [2] are used. RAPGAP
includes resolved photon processes for which the partonic
cross sections are also convoluted with the parton densities
of the photon. In photoproduction, the leading order GRV
’94 parton distribution functions [49, 50] are used, which
were found to give a good description of the effective pho-
ton structure function as measured by H1 [64]. For DIS,
processes with a resolved virtual photon are generated
using the SAS-2D parameterisation [65], which leads to
a reasonable description of inclusive dijet production [66]
in a similar Q2 and ET range to that studied here. The
PDFs are taken at the scale µ2F = p̂

2
T+4m

2
q, where p̂T is the

transverse momentum of the emerging hard partons and
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mq is the mass of the quarks produced. Higher order ef-
fects are simulated using parton showers [67] in the leading
log(µ) approximation. The Lund string model [68, 69] is
used for hadronisation. Photon radiation from the positron
lines is simulated using the programHERACLES [70]. The
used RAPGAP version simulates only processes in which
the proton stays intact.

6.5 Cross section measurement

The data are first corrected for losses at the trigger level.
The trigger efficiency is approximately 90% in DIS, the
losses being mainly due to the tracking requirements. In
photoproduction the efficiency also depends on the energy
of the positron detected in the small scattering angle detec-
tor and varies between ≈ 90% at low y and ≈ 50% at high
y. Non-diffractive background migrating into the measure-
ment region from MY > 5 GeV and large xIP is statisti-
cally subtracted using inclusive dijet production simula-
tions (RAPGAP inDIS andPYTHIA in photoproduction).
The subtracted background amounts to 3% in photopro-
duction and 5% in DIS. Due to the limited geometrical de-
tector acceptance in the forward direction it is not possible
to distinguish an intact final state proton from one which
dissociates into a low-mass system Y . Thus the measured

Fig. 3. Average transverse
energy flow per event around
the leading jet axis for diffrac-
tive dijets at the detector level
in DIS ((a) and (b)) and pho-
toproduction ((c) and (d)).
The variables ∆η∗ and ∆Φ∗

denote the distances from the
axis of the leading jet in pseu-
dorapidity and azimuth in
the photon–proton rest frame,
respectively. In (a) and (c)
only energy within one unit of
pseudorapidity around the jet
axis is included whereas the
profiles (b) and (d) include
energy within one unit in az-
imuth around the axis

cross section is defined to include proton dissociation with
MY < 1.6 GeV. The correction factor for migrations about
the measurement boundary MY = 1.6 GeV is determined
using the DIFFVM [71, 72] simulation of proton dissocia-
tion in the rangemp <MY < 5 GeV. In the simulation, the
ratio of elastic proton to proton dissociation cross sections is
assumed to be unity, in accordancewith the inclusive meas-
urements of [3, 73]. The correction factors are found to be
0.96± 0.04 for the 1996 running period and 0.92± 0.05 in
1997, the difference resulting from the degrading perform-
ance of the detectors used to veto proton dissociation. An
additional factor 1.055±0.014 is applied to account for the
loss of diffractive events due to noise fluctuations in the
FMD. This factor is determined using randomly triggered
events. A correction of 5% is applied to compensate for the
removal of dijet events in which a bremsstrahlung process is
overlaid. A small correction (< 1%) is applied to the meas-
uredDIS cross section to account for QED radiation effects.
The final jet cross sections are given at the hadron level.

The measured distributions at the detector level are cor-
rected for detector inefficiencies, acceptances and migra-
tions between measurement intervals in the reconstruction
using the RAPGAP Monte Carlo program and applying
a bin-to-bin correction. The simulation gives a good de-
scription of the shapes of all data distributions and of the
energy flow in the events. Figure 3 shows the transverse en-
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Fig. 4. Differential cross sections for the diffractive production of two jets in DIS in the kinematic region specified in Table 1 as
a function of (a) zjetsIP , (b) log10(xIP ), (c)W and (d)Q

2. The inner error bars represent the statistical errors. The outer error bars
include theuncorrelated systematic errors added in quadrature. The shaded band around the data points indicates an additional sys-
tematic uncertaintywhich is correlated between thedata points. The predictions based on theQCDprogramDISENT,using the ‘H1
2006 Fit A’ diffractive parton densities and corrected for hadronisation effects are shown as the dashed lines. The predictions based
on the ‘H1 2006 Fit B’ DPDFs are shown both with hadronisation corrections (solid white line) and at the parton level (solid black
line). The inner band around the Fit B predictions indicates the uncertainty resulting from the variation of the renormalisation scale
by factors 0.5 and 2 and the full band includes the uncertainty due to the hadronisation corrections added linearly

ergy flow around the axis of the leading jet for the selected
diffractive dijets in DIS (Fig. 3a,b) and photoproduction
(Fig. 3c,d). A clear back-to-back structure is visible in the
∆Φ∗ distribution. The transverse energy flow in the jets
as well as in the region between the jets is reasonably well
described by the simulation.
According to the simulations, the detector level ob-

servables are well correlated with the hadron level quan-
tities. Purities and stabilities2 are larger than 25%, the

2 ‘Purity’ is defined as the fraction of Monte Carlo simulated
events reconstructed in a certain measurement interval that are
also generated in that bin. ‘Stability’ is defined as the fraction
of events generated in a bin that are also reconstructed in that
bin.

main source of migrations being the jet transverse energy
measurements.
The cross sections are measured in the kinematic region

specified in Table 1. The pseudorapidity range−3< η∗ < 0
in the photon–proton rest frame used for the DIS measure-
ment corresponds approximately to the range −1< η < 2
in the laboratory frame.

6.6 Analysis of systematic uncertainties

The following systematic errors on the measured cross
sections arise from experimental sources such as detec-
tor calibration uncertainties. The cross section errors
are estimated by repeating the analysis with variations
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Fig. 5. Differential cross sec-
tions for the diffractive pro-
duction of two jets in DIS in
the kinematic region speci-
fied in Table 1 as a function of
the variables (a) E∗,jet1T , (b)

〈ηlabjet 〉 and (c)
∣
∣
∣∆η∗jet

∣
∣
∣. The

DISENT prediction based on
the ‘H1 2006 Fit B’ DPDFs
at NLO with (white line) and
without (black line) hadro-
nisation corrections is also
shown. For details about the
errors see the caption of Fig. 4

in the reconstruction of detector-simulated Monte Carlo
events.

– A 4% uncertainty in the absolute energy scale of the
hadronic LAr calorimeter in the jet ET range consid-
ered here [74] affects the reconstruction of the hadronic
final state. The resulting uncertainty on the measured
cross section is 4% in DIS and 8% in photoproduction
and is strongly correlated between the data points. The
influence of this uncertainty in DIS and in photopro-
duction is different due to the different reconstruction
of xIP . A 7% uncertainty in the SPACAL hadronic en-
ergy scale affects the cross sections by 1%. The uncer-
tainty in the fraction of the energy of the reconstructed
hadronic objects which is carried by tracks is 3% and
gives rise to errors on the cross section of 4% in pho-
toproduction and 3% in DIS, again strongly correlated
between data points.
– The absolute SPACAL electromagnetic energy scale
is known to 0.3% for scattered positrons with Ee =
27.5 GeV and 2.0% at Ee = 8GeV. The polar scatter-
ing angle of the positron is measured to 1mrad preci-
sion. The uncertainties of the positron energy and angle

measurements in DIS result in cross section errors in
the range of 4 to 5% for the energy uncertainty and 2%
for the scattering angle. In photoproduction, the uncer-
tainty in the knowledge of the acceptance and efficiency
of the small angle positron detector results in a cross
section error of 5% on average.
– The uncertainties on the trigger efficiencies and the lu-
minosity measurement give rise to cross section uncer-
tainties of 6% and 1.5%, respectively.
– An uncertainty of 25% in the fraction of events lost due
to noise in the FMD translates into a 1.3% normalisa-
tion error on the cross section.

Systematic errors arising from uncertainties in the ac-
ceptance and migration corrections are estimated by re-
peating the measurements with variations in the kinematic
dependences and other details of the Monte Carlo models
within experimentally allowed limits.

– The shapes of the following distributions in the
RAPGAP simulation have been varied: a) the zIP dis-
tribution in photoproduction has been reweighted by
factors zIP

±0.3 and (1− zIP )±0.3; b) the E
jet1
T distri-

bution by p̂±0.5T in both photoproduction and DIS; c)
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Fig. 6. Differential cross sections for the diffractive production of two jets in photoproduction in the kinematic region specified in
Table 1 as a function of (a) zjetsIP and (b) xjetsγ . The inner error bars represent the statistical errors, the outer error bars include the
uncorrelated systematic errors added in quadrature. The shaded band around the data points indicates an additional systematic
uncertainty which is correlated between the data points. The NLOQCD predictions based on the Frixione et al. program (FR) and
using the ‘H1 2006 Fit B’ diffractive parton densities are shown with hadronisation corrections (white line) and at the parton level
(black line). The inner band around the NLO prediction indicates the uncertainty resulting from simultaneous variations of the
renormalisation and factorisation scales by factors 0.5 and 2 and the full band includes the uncertainty due to the hadronisation
corrections added linearly

Fig. 7. Cross section double ratio of data to NLO prediction
for photoproduction and DIS as a function of the photon–
proton centre-of-mass energyW . The error bars indicate uncor-
related experimental uncertainties. The error bands around the
ratio points show systematic uncertainties which are correlated
between the ratio points. The inner band shows experimen-
tal uncertainties. The full band shows the quadratic sum of
the correlated experimental uncertainties and NLO QCD un-
certainties, estimated from variations of the factorisation and
renormalisation scales. The nominal QCD scale ET is varied by
the same factors (0.5 and 2) and simultaneously in the same
direction for the DIS and photoproduction calculations. The
two NLO predictions are based on the same ‘H1 2006 Fit B’
diffractive parton densities and are corrected for hadronisation
effects

the xIP distribution by xIP
±0.2 in photoproduction and

xIP
±0.3 in DIS; d) the xγ distribution by xγ

±0.3 and
(1−xγ)±0.3 in both kinematic regions and e) the y dis-
tribution by y±0.5 and (1− y)±0.5 in both kinematic
regions. In DIS, the largest deviation (9%) is due to the
xIP reweighting. In photoproduction the largest error
(6%) arises from the p̂T reweighting.

– The t distribution is varied by factors e±2t/GeV
2
as con-

strained by inclusive measurements [73, 75, 76] leading
to cross section errors of 2 to 3%.
– The estimated number of non-diffractive background
events which migrate into the sample from the unmeas-
ured region xIP > 0.03 or MY > 5 GeV is varied by
±50%, leading to a mean cross section uncertainty of
2% in photoproduction and 3% in DIS.
– A 7% error arises from uncertainties in the migrations
about the MY boundary of the measurement. It is es-
timated by varying the simulated efficiencies of the for-
ward detectors FMD and PRT by ±4% and ±25%,
respectively, and by variations in the DIFFVM simu-
lation of a) the ratio of elastic proton to proton dis-
sociation cross sections between 1 : 2 and 2 : 1, b) the
generated MY distribution within M

−2.0±0.3
Y , c) the t

dependence in the proton dissociation simulation by
factors e±t/GeV

2
.

– The loss of diffractive events due to the ηmax cut and
the cuts on the FMD and PRT is corrected using the
RAPGAP simulation. By studying jet events with an
elastically scattered proton (measured in a Roman pot
detector) in the range xIP < 0.05, it is established that
the RAPGAP simulation describes the loss seen in the
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Fig. 8. Differential cross sec-
tions for the diffractive pro-
duction of two jets in the
photoproduction kinematic
region specified in Table 1
as a function of (a) zjetsIP ,

(b) xjetsγ , (c) log10(xIP ) and
(d) W . The NLO predic-
tion of the Frixione et al.
program interfaced to the
‘H1 2006 Fit B’ DPDFs with
and without hadronisation
corrections, scaled by an over-
all normalisation factor 0.5 is
also shown. For details about
the errors see the caption of
Fig. 6

data within a 10% and 14% statistical uncertainty for
photoproduction and DIS, respectively [77]. This un-
certainty is used to estimate the uncertainty on the
rapidity gap selection in the present analysis and trans-
lates into cross section errors of 1% in both photopro-
duction and DIS.

The largest errors in photoproduction arise from the
uncertainty in the LAr energy scale and the migrations
about the MY boundary. In DIS, the largest error arises
from the xIP reweighting of RAPGAP. The uncertainties
due to the LAr hadronic energy scale, the energy contri-
bution of tracks, the luminosity, the FMD noise, the esti-
mated number of background events and the positron en-
ergy in the SPACAL for DIS are correlated between cross
section bins. Both for the bin-to-bin correlated and the un-
correlated errors all individual contributions are added in
quadrature to obtain the full uncertainties.

7 Results

The measurement results are presented in Figs. 4–12
and are listed in Tables 2–?? as bin-averaged differential

hadron level cross sections for a set of kinematic variables
which characterise the scattering process. The measure-
ments are compared with next-to-leading order QCD pre-
dictions based on the factorisation approach in Sects. 7.1–
7.4 and to leading order soft colour neutralisation models
in Sect. 7.5.

7.1 Diffractive dijet production in DIS

In Figs. 4 and 5, the differential cross sections are shown
as functions of zjetsIP , log10(xIP ), W , Q

2, E∗,jet1T , 〈ηlabjet 〉,
and
∣∣∆η∗jet

∣∣. The data are compared with NLO QCD pre-
dictions obtained using the DISENT program with the
‘H1 2006 Fit A’ and ‘H1 2006 Fit B’ diffractive parton
densities.
The NLO prediction based on the ‘H1 2006 Fit A’

parton densities (only shown in Fig. 4) overestimates the
measured cross section, in particular at high zjetsIP . The
NLO prediction based on the ‘H1 2006 Fit B’ parton densi-
ties agrees well with the distributions of all variables within
the given errors. Hence the dijet cross sections distinguish
between the two parton density sets which describe inclu-
sive diffractive DIS similarly well. The good description
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Fig. 9. Differential cross sec-
tions for the diffractive pro-
duction of two jets in photo-
production in the kinematic
region specified in Table 1 as
a function of the jet vari-
ables (a) Ejet1T , (b) 〈ηlabjet 〉,
(c)
∣
∣∆ηjet

∣
∣ and (d) M12. The

NLO prediction of the Frix-
ione et al. program interfaced
to the ‘H1 2006 Fit B’ DPDFs
with and without hadronisa-
tion corrections, scaled by an
overall normalisation factor
0.5 is also shown. For details
about the errors see the cap-
tion of Fig. 6

of the differential cross section as a function of log10(xIP )
indicates that the xIP dependence of fIP (xIP , t) is com-
patible with the dijet production mechanism within the
shown errors. The agreement between predicted and meas-
ured differential cross sections as functions of E∗,jet1T and∣∣∆η∗jet

∣∣ suggests that the NLO QCD matrix element de-
scribes the hard scatter correctly within the uncertainties
shown. The good description of both inclusive diffractive
scattering and diffractive dijet production obtained from
the ‘H1 2006 Fit B’ parton densities supports the validity
of QCD hard scattering factorisation in diffractive DIS. In
the following discussion of diffractive dijet photoproduc-
tion, only the ‘H1 2006 Fit B’ densities are considered.

7.2 Diffractive photoproduction of dijets

Differential cross sections measured for photoproduction
are shown in Fig. 6 as functions of zjetsIP and xjetsγ . The
measurements are compared with NLO predictions ob-
tained with the Frixione et al. program, interfaced to the
‘H1 2006 Fit B’ diffractive parton densities.
The NLO prediction overestimates the measured dijet

cross section by a factor of approximately 2. Diffractive

dijet photoproduction thus cannot be described using the
parton densities which lead to a good description of diffrac-
tive scattering in DIS. QCD hard scattering factorisation
is therefore broken in photoproduction. A more detailed
comparison of the cross sections in DIS and photoproduc-
tion is given in the next section.

7.3 Ratio of dijet cross sections
in diffractive photoproduction and DIS

A reliable method to test QCD factorisation is obtained by
dividing the ratio of measured to predicted cross sections
in photoproduction by the corresponding ratio in DIS. In
this double ratio many experimental errors and also the-
oretical scale errors cancel to a large extent. The double
ratio is shown in Fig. 7 as a function of the photon–proton
centre-of-mass energy W . The two NLO calculations are
based on the ‘H1 2006 Fit B’ diffractive parton densities
and are corrected for hadronisation. The double ratio is
rather insensitive to the detailed shape of the diffractive
gluon density and the conclusions remain unchanged if the
‘H1 2006 Fit A’ parton densities are used.
The double ratio is ≈ 0.5 throughout the measured W

range, indicating a suppression factor which is independent



564 The H1 Collaboration: Tests of QCD factorisation in the diffractive production of dijets

Fig. 10. Differential cross
sections for the diffractive
production of two jets in pho-
toproduction in the kinematic
region specified in Table 1 as
a function of (a) xjetsγ , (b)

W , (c) 〈ηjet〉 and (d) E
jet1
T .

The NLO prediction of the
Frixione et al. program inter-
faced to the ‘H1 2006 Fit B’
DPDFs with hadronisation
corrections is also shown. The
part of the NLO calculation
for which xjetsγ,PL < 0.9 at the
parton level is scaled by 0.44.
For details about the errors
see the caption of Fig. 6

of the centre-of-mass energy within the uncertainties. Inte-
grated over the measured kinematic range the ratio of data
to NLO expectation for photoproduction is a factor 0.5±
0.1 smaller than the same ratio in DIS where the error in-
cludes scale uncertainties. This confirms that QCD hard
scattering factorisation is broken for diffractive dijet pro-
duction in photoproduction with respect to the same pro-
cess in DIS. The suppression in photoproduction is much
smaller than the suppression in diffractive dijet production
at the Tevatron [6].

7.4 Study of QCD factorisation breaking
in photoproduction

The simple assumption that the suppression factor in pho-
toproduction does not depend on any kinematic variable is
studied by scaling the NLO predictions by an overall sup-
pression factor 0.5. Using such a global factor for both re-
solved and direct photon processes leads to a good descrip-
tion of all measured distributions as shown in Figs. 8 and 9.
Whilst a suppression of resolved photoproduction is

generally expected, a suppression of the direct photon con-

tribution is in contradiction to theoretical expectations [1].
At NLO, the contributions of direct and resolved pho-
ton processes to the dijet cross section cannot be cal-
culated separately. The following discussion therefore fo-
cuses on the dependence of the suppression on the vari-
able xjetsγ,PL, reconstructed at the parton level (PL) from
parton jets before hadronisation, which is related to the
fraction of the photon energy entering the jet system. In
events with xjetsγ,PL > 0.9 almost the entire photon energy
enters the jet system, whereas for events with xjetsγ,PL < 0.9
a significant photon remnant system is present which may
lead to secondary interactions and rapidity gap destruc-
tion. A fit of the NLO prediction to the cross section
differential in xjetsγ with two free normalisation param-
eters for contributions from xjetsγ,PL < 0.9 and x

jets
γ,PL > 0.9

yields suppression factors of 0.47± 0.16 and 0.53± 0.14,
respectively. This result indicates again that the suppres-
sion is independent of xjetsγ,PL and that both direct and re-
solved contributions have to be suppressed by the same
factor.
Finally an investigation is performed of how well the

data can be described under the assumption that the NLO
calculation with xjetsγ,PL > 0.9 is not suppressed. The best
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Fig. 11. Differential cross
sections for the diffractive
production of two jets in DIS
in the kinematic region spec-
ified in Table 1 as a func-
tion of the variables (a) W ,

(b) 〈ηlabjet 〉, (c) z
jets
IP and (d)

log10(xIP ). Leading order pre-
dictions of the soft colour neu-
tralisation models SCI and
GAL as implemented in
LEPTO are also shown, based
on the CTEQ5L leading order
proton parton densities. For
details about the errors see
the caption of Fig. 4

agreement in a χ2 fit is reached for a suppression factor 0.44
for the NLO calculation with xjetsγ,PL < 0.9 and the result-

ing distributions are shown for xjetsγ ,W , 〈ηjet〉 and E
jet1
T in

Fig. 10. This prediction is incompatible with the measured
cross sections. The assumption that the direct part obeys
QCD factorisation is therefore strongly disfavoured by the
present analysis.

7.5 Leading order soft colour neutralisation models

The predictions of the soft colour interaction models SCI
and GAL using the CTEQ5L LO parton densities of the
proton are compared with the measurements in Fig. 11 in
the DIS kinematic region. The SCI model describes the di-
jet cross section reasonably well. If the GRV ’94 HO proton
parton densities [78] are used the cross sections are un-
derestimated by a factor of approximately 2 in agreement
with the conclusions drawn in [5]. The GAL model over-
estimates the dijet rate by about 65% on average. It gives
a good description of the shapes of the differential cross
sections as functions of W and 〈ηlabjet 〉 but not as functions

of zjetsIP and log10(xIP ).

The predictions for photoproduction are shown in
Fig. 12. The normalisation of the cross section is under-
estimated by factors of approximately 2.2 for the SCI
model and 1.5 in the case of the GAL model. Both models
describe the shapes of the differential cross sections reason-
ably well for log10(xIP ),W and x

jets
γ but fail for zjetsIP .

In summary, neither of the two models which describe
diffractive dijet production in pp̄ collisions is able to de-
scribe it in both DIS and photoproduction.

8 Summary

Diffractive dijet production is measured in deep-inelastic
scattering and photoproduction in the same kinematic
range 165<W < 242GeV, xIP < 0.03,E

∗,jet1
T > 5 GeV and

E∗,jet2T > 4 GeV, with limits on the photon virtuality 4 <
Q2 < 80 GeV2 for DIS and Q2 < 0.01GeV2 for photopro-
duction. The inclusive kT cluster algorithm is used in the
definition of the jets.
In DIS, diffractive dijet production is well described

within the experimental and theoretical uncertainties by
NLO calculations based on diffractive parton densities de-
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Fig. 12. Differential cross sections for the diffractive production of two jets in photoproduction in the kinematic region specified
in Table 1 as a function of the variables (a) zjetsIP , (b) log10(xIP ), (c)W and (d) x

jets
γ . Leading order predictions of the soft colour

neutralisation models SCI and GAL as implemented in PYTHIA are also shown, based on the CTEQ5L leading order proton
parton densities

termined from QCD fits to inclusive diffractive DIS data.
QCD factorisation therefore holds within present uncer-
tainties in diffractive DIS. The dijet measurements clearly
favour the ‘H1 2006 Fit B’ over the ‘H1 2006 Fit A’ parton
densities, both of which lead to a good description of inclu-
sive diffraction. The gluon densities from the two sets differ
mainly for high fractional momentum. In this region, the
dijet cross section is more sensitive to the diffractive gluon
density than the inclusive scattering cross section.
In photoproduction, NLO calculations based on the ‘H1

2006 Fit B’ parton densities overestimate the measured
cross section. The ratio of measured cross section to NLO
prediction is a factor 0.5±0.1 smaller than the same ratio
in DIS, indicating a clear break-down of QCD factorisa-
tion. A fit to the photoproduction data yields suppression
factors of 0.47±0.16 for the part of the NLO calculation
for which xjetsγ,PL < 0.9 and 0.53±0.14 for x

jets
γ,PL > 0.9, where

xjetsγ,PL is the fraction of the photon momentum entering the
hard scatter and is reconstructed at the parton level from
parton jets before hadronisation. The two factors are com-

patible with each other, indicating that the suppression is
independent of xjetsγ,PL. Direct photon processes contribute

primarily at highest values of xjetsγ,PL and the present analy-
sis therefore indicates that they are suppressed by a similar
factor as resolved photon processes. A suppression of dir-
ect photon processes cannot be explained by models which
base the rapidity gap survival probability on the presence
of photon spectator interactions.
The dijet cross sections are also compared with pre-

dictions of two soft colour neutralisation models. The SCI
model which describes diffractive structure functions at
HERA and diffractive dijet production at the Tevatron
reproduces DIS dijet cross sections reasonably well but
fails for photoproduction both in normalisation and in the
shape of the differential cross section in zjetsIP . The GAL
model is incompatible with both data sets.
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