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Abstract

The photoproduction of isolated photons has been measured in diffractive events

recorded by the ZEUS detector at HERA. Cross sections are evaluated in

the photon transverse-energy and pseudorapidity ranges 5 < Eγ
T < 15 GeV and

−0.7 < ηγ < 0.9, inclusively and also with a jet with transverse energy and pseu-

dorapidity in the ranges 4 < Ejet
T < 35 GeV and −1.5 < ηjet < 1.8, using a

total integrated electron–proton luminosity of 456 pb−1. A number of kinematic

variables were studied and compared to predictions from the Rapgap Monte

Carlo model. An excess of data is observed above the Rapgap predictions for

zmeas
IP > 0.9, where zmeas

IP is the fraction of the longitudinal momentum of the

colourless “Pomeron” exchange that is transferred to the photon–jet final state,

giving evidence for direct Pomeron interactions.
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s member of  Lódź University, Poland

t now at Polish Air Force Academy in Deblin

5



1 Introduction

Diffractive interactions are a distinctive class of hadronic interactions in which the scat-

tering of the incoming particle is mediated by an exchanged object carrying no quantum

numbers, commonly referred to as the Pomeron. Such processes are typically charac-

terised by a forward nucleon or nucleonic state that is separated by a gap in rapidity

from the hadronic final state produced in the central region of the event. At the HERA

ep collider, diffractive processes have been studied both in photoproduction and in deep

inelastic scattering (DIS), photoproduction processes being those in which the exchanged

photon is quasi-real. The virtuality Q2 of the exchanged photon is typically much smaller

than 1 GeV2 in photoproduction processes, which constitute a large majority of the ep

collisions. Events with Q2 > 1 GeV2 are conventionally regarded as DIS.

The physical nature of the Pomeron is not fully established within quantum chromo-

dynamics (QCD), and a number of models have been proposed [1–3]. In an approach

originated by Ingelman and Schlein [4], the Pomeron is taken to be a hadron-like object

that contains quarks and gluons. The Pomeron parton density functions (PDFs) can

be evaluated from fits to DIS data [5]. In an alternative approach [2], the Pomeron is

equivalent to the exchange of two gluons.

The photon–Pomeron interaction can take place through processes in which the photon or

Pomeron acts as a source of quarks and gluons, which then take part in the QCD scatter

(resolved processes) and processes in which the photon or Pomeron interacts as a whole

(direct processes). There are thus in principle four different types of process that may be

experimentally studied: a direct or resolved photon interacting with a direct or resolved

Pomeron. Examples of these processes are illustrated in Fig. 1. Direct Pomeron processes

are not included in the Ingelman–Schlein model, but are taken into account in other

approaches [6]. Within the Ingelman–Schlein framework, it is normally assumed that a

Pomeron with a universal set of PDFs is emitted, making allowance for QCD evolution

effects. In the H1 DIS analysis [5], the results of which are used here, the Pomeron PDFs

are dominated by gluons in most regions of parameter space, but a significant quark

content is also present. If the factorisation hypothesis holds, the same parton structure

would be valid both in direct photoproduction processes and in DIS, although in resolved

photon processes, absorptive effects may be present [7–9].

Several studies of diffractive dijet events in photoproduction and DIS have been carried

out at HERA [10–15]. The present paper gives measurements of diffractive events in which

a hard isolated “prompt” photon is detected in the central region of the ZEUS detector

and may be accompanied by one or more jets. Such processes, while rare, are interesting

for a number of reasons. The four different types of direct and resolved processes can be

identified, in particular direct Pomeron interactions. The prompt photon must originate
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from a charged parton, and its observation therefore demonstrates the presence either of

a quark in the Pomeron or of higher-order processes in which both the Pomeron and the

incident photon couple to quarks. This contrasts with diffractive dijet production, which

is mainly sensitive to the gluon content of the Pomeron.

Hard photons are also produced in “fragmentation processes” in which a photon is radiated

within a jet. Such processes can be suppressed by requiring the observed hard photon to

be isolated from other particles in the event.

The H1 collaboration previously measured inclusive diffractive high-energy prompt pho-

tons as a function of their transverse momentum, but in a different kinematic region from

the present work [16]. Analyses of isolated hard photons in non-diffractive photopro-

duction have been presented by the ZEUS and H1 collaborations [17–23], as well as in

DIS [24–27].

2 The ZEUS detector

The analysis presented here is based on two data samples corresponding to integrated

luminosities of 82 and 374 pb−1, taken during the years 1998–2000 and 2004–2007, respec-

tively, with the ZEUS detector at HERA. These are referred to as HERA-I and HERA-II

samples. During these periods, HERA ran with electron and positron beams1 of energy

Ee = 27.5 GeV and a proton beam of energy Ep = 920 GeV.

A detailed description of the ZEUS detector2 can be found elsewhere [28]. Charged

particles were measured in the central tracking detector (CTD) [29] and, in HERA-II, in

a silicon microvertex detector [30]. These operated in a magnetic field of 1.43 T provided

by a thin superconducting solenoid. The high-resolution uranium–scintillator calorimeter

(CAL) [31] consisted of three parts: the forward (FCAL), the barrel (BCAL) and the rear

(RCAL) calorimeters. The BCAL covered the pseudorapidity range −0.74 to 1.10 as seen

from the nominal interaction point, and the FCAL and RCAL extended the coverage to

the range −3.5 to 4.0. Each part of the CAL was subdivided into elements referred to

as cells. The barrel electromagnetic calorimeter (BEMC) cells had a pointing geometry

directed at the nominal interaction point, and were approximately 5 × 20 cm2 in cross

section, with the finer granularity in the Z direction and the coarser in the (X, Y ) plane.

1 Hereafter, “electron” refers to both electrons and positrons.
2 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the

nominal proton beam direction, referred to as the “forward direction”, and the X axis pointing towards

the centre of HERA. The coordinate origin is at the centre of the central tracking detector. The

pseudorapidity is defined as η = − ln
(
tan θ

2

)
, where the polar angle, θ, is measured with respect to

the Z axis.
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This fine granularity allows the use of shower-shape distributions to distinguish isolated

photons from the products of neutral meson decays such as π0 → γγ. The CAL energy

resolution, as measured under test-beam conditions, was σ(E)/E = 0.18/
√
E for electrons

and 0.35/
√
E for hadrons, where E is in GeV.

In most HERA events, the outgoing electron passes inside the inner aperture of the

RCAL, corresponding to a scattering angle of approximately 70 mrad with an upper limit

on Q2 of the order of 1 GeV2. The absence of a detected electron corresponds to a good

approximation to a photoproduction event.

During the HERA-I running, the aperture between the proton beam pipe and the sur-

rounding FCAL was occupied by the forward plug calorimeter (FPC), which extended

the rapidity coverage to +5.0 [32]. In particular, it improved the reliability of the mea-

surement of the rapidity gap in diffractive events. During the HERA-II running, the

configuration of this region was altered and a beam-focusing magnet occupied the place

of the FPC.

The luminosity was measured [33] using the reaction ep → eγp by a luminosity detector

which for HERA-I running consisted of a lead–scintillator calorimeter [34] and for HERA-

II running consisted of two independent systems: the lead–scintillator calorimeter and a

magnetic spectrometer [35].

3 Effects of proton dissociation

Diffractive events are characterised by a rapidity gap between the forward proton, or

dissociated-proton system, and the rest of the particles in the event. A sample of diffrac-

tive events may be obtained by excluding the events in which particles are recorded in

the forward regions of the detector beyond a maximum pseudorapidity value, ηmax, taken

as 2.5 in the present analysis. The forward-scattered proton is not detected; however the

accepted event sample includes contributions in which the proton emerges in a dissociated

state whose products pass undetected inside the central aperture of the FCAL or FPC.

In some cases, wider-angle dissociation products may be detected and cause the event to

fail the diffractive selections.

The HERA-I and HERA-II detector configurations differ in their ability to identify events

with proton dissociation. For the HERA-I data, the use of the FPC allowed most of these

events to be rejected, but the recorded cross sections still include a contribution from

undetected dissociated-proton systems with masses up to approximately 3 GeV. In the

analysis of diffractive dijet events in photoproduction, this was evaluated to be 16 ± 4%

of the total published diffractive cross section [12]. For the HERA-II data, the size of the

central aperture of the FCAL was doubled. This, together with the absence of the FPC
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and the possibility of secondary scattering from the beam-focusing magnet, generated two

effects which act in opposite directions. In the first of these, the measured differential cross

sections include a larger contribution from proton dissociation; in the analysis of diffractive

dijet production in DIS, using ηmax = 2.0, this contribution was evaluated to be 45± 15%

and comprises dissociated-proton systems with masses up to approximately 6 GeV [36]. A

similar contribution would be expected in diffractive photoproduction. It affects only the

normalisation of the differential cross sections, if the principle of vertex factorisation is

assumed to hold. However, it was possible for particles within a dissociated-proton system

to scatter from the focusing magnet into the detector. This effect was not accurately

simulatable. It can reduce the fraction of proton-dissociated events in the sample by

removing the forward rapidity gap in some of the events.

The higher statistics available in the HERA-II running made this data set suitable for

studying the distributions of kinematic variables, which are described in Section 4. How-

ever the possible presence of a substantial number of events with proton dissociation

should be allowed for in the measured cross sections. The HERA-I data set, being less

affected by the proton dissociation and with the focusing magnet absent, was used to eval-

uate an integrated “visible” cross section taken over the observed ranges of the measured

variables.

4 Measured variables

All the measured quantities used in this analysis were determined in the laboratory frame.

In direct photon processes in photoproduction, the incoming virtual photon is absorbed

by a quark from the target particle, here a Pomeron, while in resolved photon processes,

the virtual photon’s hadronic structure provides a quark or gluon that interacts with a

quark or gluon from the Pomeron. These two classes of process, which are unambiguously

defined only at the leading order (LO) of QCD, may be partially distinguished in events

containing a high-ET photon and a jet by means of the quantity

xmeas
γ =

Eγ + Ejet − pγZ − p
jet
Z

Eall − pall
Z

, (1)

which measures the fraction of the incoming photon energy that is given to the outgoing

photon and jet. The quantities Eγ and Ejet denote the energies of the outgoing photon and

the jet, respectively, and pZ denotes the corresponding longitudinal momenta. The suffix

“all” refers to all objects that are measured in the detector or, in the case of simulations

at the hadron level, all final-state particles except for the scattered beam electron and

the outgoing proton. Events with a detected final-state electron are excluded from this

analysis.
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At LO, xmeas
γ = 1 for direct photon events, while resolved photon events can have any

value in the range (0, 1). Direct photon events at higher order can have xmeas
γ less than

unity, but the presence of the LO processes generates a prominent peak in the observed

cross section at high values of xmeas
γ .

When the proton radiates a Pomeron that interacts with an incoming photon, the fraction

of the proton energy carried by the radiated Pomeron is given to a good approximation

by:

xIP = (Eall + pall
Z )/2Ep, (2)

where Ep is the energy of the proton beam.

The mass of the observed system, excluding the forward proton and its possible dis-

sociation products but including all the reaction products of the incoming photon and

Pomeron, is evaluated as:

MX =
√

(Eall)2 − (pall
Z )2. (3)

The Pomeron may be described analogously to the photon [1, 6]. The fraction of the

Pomeron energy that takes part in the hard interaction that generates the outgoing photon

and jet is given by [10]:

zmeas
IP =

Eγ + Ejet + pγZ + pjet
Z

Eall + pall
Z

, (4)

where the quantities are as before3, and zmeas
IP = 1 corresponds to direct Pomeron events,

which are equivalent to the presence of a delta-function in the PDFs at zmeas
IP = 1 [1, 6].

An event whose observed final state consists only of a prompt photon and a jet has

xmeas
γ = zmeas

IP = 1.

Further variables that are used are as follows. A measurable approximation for the fraction

y of the incoming electron energy that is transferred to the exchanged virtual photon is

the Jacquet–Blondel variable, yJB [37], where in the present analysis

yJB =
∑
i

Ei(1− cos θi)/2Ee. (5)

Here, Ei is the energy of the i-th CAL cell, θi is its polar angle and the sum runs over all

cells [38]. The photon–proton centre-of-mass energy, W , is calculated as

W =
√

4yEpEe +m2
p, (6)

where the small finite value of Q2 is neglected, mp is the proton mass and, at the detector

level, y is replaced by yJB.

3 The alternative formulation zobsIP = (EγT exp ηγ +Ejet
T exp ηjet)/(Eall + pallZ ), where ET denotes trans-

verse energy, yields equivalent results.
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5 Monte Carlo event simulation

Monte Carlo (MC) event samples were employed to model signal and background pro-

cesses. The generated MC events were passed through the ZEUS detector and trigger

simulation programs based on Geant 3 [39]. They were then reconstructed and analysed

using the same programs as used for the data. The effects of the beam-focusing magnet

in HERA-II were not well modelled in the ZEUS apparatus simulation.

5.1 Rapgap

The program Rapgap 3.2 [3,40] was used to simulate the diffractive process ep→ epγX,

where X denotes the presence of final-state hadrons. In addition to enabling acceptance

corrections and event-reconstruction efficiencies to be calculated, Rapgap also provided

a physics model to compare to the results of the present measurements. In Rapgap, the

incoming photon is radiated from the electron using the equivalent-photon approximation.

The Pomeron carries a fraction xIP of the proton longitudinal momentum and is modelled

as a hadron-like state within the framework of the factorisation hypothesis of Ingelman

and Schlein [4]. In direct photon processes, it is assumed in Rapgap that the incoming

photon scatters elastically off a quark in the resolved Pomeron. In resolved photon pro-

cesses, gluon–quark and antiquark–quark scattering produce an outgoing photon and a

jet. Hadronisation of the outgoing partons is performed using Pythia 6.410 [41].

Event samples were generated for direct and resolved photon interactions with a resolved

Pomeron. The default parameters were used and the αs scale was p2
T γ, where pT γ is

the transverse momentum of the outgoing photon. The selected PDF sets were, for the

Pomeron, H1 2006 DPDF Fit B [5] and, for the resolved photon, SASGAM-2D [42]. Pro-

ton dissociation was not generated in the present analysis. In the original QCD fit by H1

using DIS data [5], resolved Pomeron PDFs were obtained for zmeas
IP < 0.8; Rapgap uses

these with an extrapolation to cover the entire zmeas
IP range up to 1.0. Since a simulation

of the type of process in Fig. 1(c) was not available, the simulation by Rapgap was used

throughout.

5.2 Background simulations

A background to the isolated photons measured here comes from neutral mesons in

hadronic jets, in particular π0 and η, where meson decay products can create an en-

ergy cluster in the BEMC that passes the experimental selection criteria for a photon

candidate. To model these effects, Rapgap was used to generate direct and resolved

diffractive scattering that produced exclusive two-jet events that did not contain prompt
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photons in the final state. These were analysed using the same program chain as for the

prompt photon events.

A separate potential source of background came from non-diffractive prompt photon

events; Pythia 6.416 was used to generate processes of this type, making use of the

CTEQ4 [43] and GRV [44] proton and photon PDF sets.

For additional background studies, Bethe–Heitler (BH) event samples were obtained using

the Grape-Compton MC [45]. DIS event samples with initial-state photon radiation

were also generated using the Grape-Compton and the Djangoh 6 programs [46]

interfaced with Ariadne [47].

6 Event selection

The basic event selection and reconstruction was performed as previously [17]. A three-

level trigger system was used to select events online [28,48,49]:

• the first-level trigger required a loosely measured track in the CTD and energy de-

posited in the CAL that included conditions to select an isolated electromagnetic

signal;

• at the second level, conditions for an event with at least 8 GeV of summed transverse

energy were imposed;

• at the third level, the event was reconstructed and a high-energy photon candidate

was required.

In the offline event analysis, some general conditions were applied as follows:

• to reduce background from non-ep collisions, events were required to have a recon-

structed vertex position, Zvtx, within the range |Zvtx| < 40 cm;

• no identified electron with energy above 3.5 GeV was allowed in the event;

• at least one vertex-fitted track with pT > 0.2 GeV was required;

• the accepted range of incoming virtual photon energies was defined by the requirement

0.2 < yJB < 0.7. The lower cut strengthened the trigger requirements and the upper

cut suppressed DIS events;

• a potential source of unwanted events arises from BH processes of the type ep→ epγ,

where the outgoing electron is at a wide angle and any possible dissociation products of

the proton are not observed in the detector. If collinear initial-state radiation from the

beam electron takes place, these events may be recorded within the allowed yJB range,

the outgoing electron being interpreted as a jet. Such events have a small number of
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outgoing particles in the detector, and are efficiently rejected by the veto on identified

electrons, and by a further requirement that the number of energy-flow objects in the

event (see below) with energy above 0.2 GeV must exceed 5. The rejection efficiency

for these events was close to 100% and was verified by means of event samples from

Grape-Compton that simulated the BH processes. The kinematically similar deeply

virtual Compton scattering (DVCS) process was excluded in the same way as the BH

processes. Approximately 2% of Rapgap events were rejected by this selection. The

procedure was further checked by a visual scan of the data events.

The event analysis made use of energy-flow objects (EFOs) [50], which were constructed

from clusters of calorimeter cells, associated with tracks when appropriate. Tracks not

associated with calorimeter clusters were also included. EFOs with no associated track,

and with at least 90% of the reconstructed energy measured in the BEMC, were taken

as photon candidates. Photon candidates with wider electromagnetic showers than are

typical for a single photon were accepted at this stage so as to make possible the evaluation

of backgrounds. The photon energy scale was calibrated [17, 51] by means of an analysis

of DVCS events recorded by ZEUS, in which the detected final-state particles comprised

a scattered electron, whose energy measurement is well understood, and a balancing

outgoing photon.

Jet reconstruction was performed making use of all the EFOs in the event, including

photon candidates, by means of the kT clustering algorithm [52] using the E-scheme in

the longitudinally invariant inclusive mode [53] with the radius parameter set to 1.0. One

of the jets found by this procedure corresponds to or includes the photon candidate. An

accompanying jet was used in the analysis; if more than one jet was found, that with the

highest transverse energy, Ejet
T , was selected. In the kinematic region used, the resolution

of the jet transverse energy was about 15–20%, estimated using MC simulations.

To reduce the contribution of photons from fragmentation processes, and also the back-

ground from the decay of neutral mesons within jets, the photon candidate was required to

be isolated from other hadronic activity. This was imposed by requiring that the photon-

candidate EFO had at least 90% of the total energy of the reconstructed jet of which it

formed a part, a condition that was imposed also in the hadron-level calculations. High-

ET photons radiated from scattered leptons were further suppressed by rejecting photons

that had a nearby track. This was achieved by demanding ∆R > 0.2, where

∆R =
√

(∆φ)2 + (∆η)2 (7)

and is the distance to the nearest reconstructed track with momentum greater than

250 MeV in the η − φ plane, where φ is the azimuthal angle. This latter condition was

applied at the detector level for both MC and for data.

The final event selection was as follows:
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• each event was required to contain a photon candidate with a reconstructed transverse

energy, Eγ
T , in the range 5 < Eγ

T < 15 GeV and with pseudorapidity, ηγ, in the range

−0.7 < ηγ < 0.9;

• a hadronic jet was required to have Ejet
T between 4 and 35 GeV and to lie within the

pseudorapidity, ηjet, range −1.5 < ηjet < 1.8;

• the maximum pseudorapidity for EFOs with energy above 0.4 GeV, ηmax, was required

to satisfy ηmax < 2.5 in order to select diffractive events, characterised by a large

rapidity gap;

• a requirement xIP < 0.03 was made to reduce further any contamination from non-

diffractive events;

• the energy deposited in the FPC was required to be less than 1 GeV for the HERA-I

data sample [54].

7 Extraction of the photon signal

The selected samples contain a substantial admixture of background events in which one

or more neutral mesons, such as π0 and η, have decayed to photons, thereby producing a

photon candidate in the BEMC. The photon signal was extracted statistically following

the approach used in previous ZEUS analyses [17, 25–27]. The method made use of

the energy-weighted width, measured in the Z direction, of the BEMC energy cluster

comprising the photon candidate. This width was calculated as

〈δZ〉 =
∑
i

Ei|Zi − Zcluster| / (wcell

∑
i

Ei), (8)

where Zi is the Z position of the centre of the i-th cell, Zcluster is the energy-weighted

centroid of the EFO cluster, wcell is the width of the cell in the Z direction, and Ei is the

energy recorded in the cell. The sum runs over all BEMC cells in the EFO cluster.

The number of isolated-photon events in the data was determined by a binned maximum-

likelihood fit to the 〈δZ〉 distribution in the range 0.05 < 〈δZ〉 < 0.8, varying the relative

fractions of the signal and background components as represented by histogram templates

obtained from the MC. The fit was performed for each measured cross-section interval,

with χ2 values of typically 1.0 per degree of freedom. Figure 2 shows the fitted 〈δZ〉
distribution for the full sample of selected HERA-II events with a photon candidate and

at least one jet. The peak seen at 〈δZ〉 ∼ 0.5 is due to π0 decays.

For the HERA-I data sample, starting from 161 (127) selected events containing a photon

candidate without (with) at least one accompanying jet, the fit gave 91 (76) photon events.
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For the HERA-II data sample, the respective figures were 767 (598) selected events, giving

366±31 (311±28) photon events after the fit. It is apparent that a large fraction of the

isolated hard photons are accompanied by one or more observed jets.

8 Event distributions and evaluation of cross sections

After applying the selections described above, event distributions were extracted for the

HERA-II data. The distribution of events in xmeas
γ is shown in Fig. 3. A 70:30 mixture of

direct:resolved photon events generated with Rapgap gives a reasonable description of

the data and was employed in the following analysis. This applies both for the full data

set and for the two separate ranges of zmeas
IP that are described below.

Figure 4(a) shows the event distribution in zmeas
IP , together with the prediction obtained

from Rapgap. Rapgap describes the distribution well for zmeas
IP < 0.9, but above this

value the data lie above the Rapgap prediction. Here, Rapgap does not simulate all

applicable physics processes, such as the type illustrated in Fig. 1(c). A good description

of the data is required in order to calculate acceptances; in order to obtain this, a weighting

factor of 7.0 may be applied to the direct photon component of Rapgap for hadron-level

values of zmeas
IP above 0.9. The observed zmeas

IP distribution is then well described, and

Fig. 4(b) shows that the reweighted Rapgap also provides better agreement with the

ηmax event distribution (see Sections 3 and 6). For the other measured variables, the two

Rapgap descriptions are both good and are generally similar, with no clear discrimination

between them. The experimental cross sections were evaluated using acceptances that

used the reweighted version of Rapgap as described above.

A bin-by-bin correction method was used to determine the differential cross section in a

given variable, by means of the equation

dσ

dY
=
AN(γ)

L∆Y
, (9)

where N(γ) is the number of photons in a bin as extracted from the 〈δZ〉 fit, ∆Y is the bin

width, L is the total integrated luminosity, and A is a correction given by the reciprocal

of the acceptance. The correction A was calculated, using Rapgap samples, as the ratio

of the number of events that were generated in the given bin, according to the chosen

definitions, divided by the number of events obtained in the bin after event reconstruc-

tion and selection as for the data. As a check on the bin-by-bin correction method, an

expectation-maximisation unfolding technique [55] was applied and gave similar results.

After the background subtraction, it was found that of the events with a photon and at

least one jet, approximately 5% of those with zmeas
IP < 0.9 had a second accepted jet. The
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number of events with a third accepted jet was consistent with zero. No additional jets

are expected in events with zmeas
IP ≥ 0.9, owing to kinematic constraints, and none were

found.

9 Systematic uncertainties

The main sources of systematic uncertainty on the measured visible HERA-II cross sec-

tions were evaluated as follows:

• the energy of the photon candidate was varied by ±2% in the MC at the detector level,

and independently the energy of the accompanying jet was varied by ±2%. These

variations represent the energy scale uncertainties [51]. Each of them gave variations

in the measured cross sections of typically ±5%;

• the uncertainty in the acceptance due to the estimation of the relative fractions of

direct photon and resolved photon events in the Rapgap MC sample was estimated

by varying the fraction of direct photon events between 60% and 80%; the changes in

the cross sections were typically ±2%;

• the dependence of the result on the modelling by the MC of the hadronic background

in the 〈δZ〉 distribution was investigated by varying the upper limit for the 〈δZ〉 fit

in the range [0.6, 1.0] [27]; this gave a ±2% variation;

• the non-diffractive photoproduction background was estimated by fitting a number of

experimental variables to mixtures of Rapgap and Pythia samples. The Pythia

samples were treated in the same way as the data, using an appropriate mixture of

resolved and direct photoproduction events. It was found that a satisfactory descrip-

tion of the data was obtained with no non-diffractive background, but that up to 10%

of background could not be excluded, as illustrated in Fig. 4. This is included as an

asymmetric systematic uncertainty.

The uncertainties listed above were combined in quadrature. The normalisation issues

due to proton dissociation as discussed in Section 3 were not further evaluated as they do

not affect the shape of the distributions.

A possible contamination of DIS events was investigated using the programs Grape-

Compton and Djangoh, and a possible contribution arising from photon–photon in-

teractions was investigated using Grape-Compton. Both of these were found to be

negligible. Other sources of systematic uncertainty that were estimated to be negligible

included the modelling of the track-isolation cut and the track-momentum cut, and also

the cuts on photon isolation, the electromagnetic fraction of the photon shower, yJB, and

Zvtx.
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The uncertainties of 2.0% on the trigger efficiency and 1.9% on the luminosity measure-

ment were not included in the figures. These contributions are included in the uncertain-

ties on the visible cross sections determined from the HERA-I data, together with the

other systematic uncertainties evaluated as for the HERA-II cross sections.

10 Results

Cross sections were measured for the diffractive production of an isolated photon, inclusive

and with at least one accompanying jet, in the kinematic region defined by Q2 < 1 GeV2,

0.2 < y < 0.7, −0.7 < ηγ < 0.9, 5 < Eγ
T < 15 GeV, 4 < Ejet

T < 35 GeV and −1.5 < ηjet <

1.8. The diffractive condition required that ηmax < 2.5 and xIP < 0.03. As a result of

the removal of the BH and DVCS events, the measurements are sensitive only to events

with more than five observed final-state particles, including the isolated photon. This

condition was imposed on the MC events at the detector level but not at the hadron level.

All cross sections were evaluated at the hadron level in the laboratory frame, and the jets

were formed according to the kT clustering algorithm with the radius parameter set to

1.0. Both at the detector and hadron levels, photon isolation was imposed by requiring

that the photon candidate had at least 90% of the total energy of the reconstructed jet

of which it formed a part. If more than one accompanying jet was found within the

designated ηjet range in an event, that with highest Ejet
T was taken. No subtraction for

dissociated-proton states has been made. As explained in Section 3, these are uncertain

and could amount to 40% of the visible cross section.

With the above selections, the effect of the ηmax requirement is to remove 64% of the

diffractive events with xIP < 0.03, as evaluated using the Rapgap model. In order to

avoid the large extrapolation that would be needed to include the full ηmax range, and given

the additional presence in this range of larger non-diffractive backgrounds and uncertain

effects of proton dissociation, “visible” cross sections are quoted here for the range defined

by ηmax < 2.5 and xIP < 0.03.

Differential cross sections for inclusive prompt-photon production, using the HERA-II

data, are shown for the quantities Eγ
T and ηγ in Fig. 5(a, b). Differential cross sections

for the quantities xIP and MX for events with an inclusive prompt photon are shown in

Fig. 5(c, d). The predictions of Rapgap, normalised to the data, are in good agreement

with the data in both the unreweighted and reweighted cases. The data are listed in

Tables 1–4.

For events containing a photon and at least one jet, the differential cross section as a

function of zmeas
IP is plotted in Fig. 6 and listed in Table 5. It shows evidence for an excess

of data above the nominal prediction of Rapgap for zmeas
IP ≥ 0.9, which lies beyond the
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region where the Pomeron PDFs were originally evaluated. As a check on this result, the

analysis was repeated with the selection on ηmax removed and applying different selections

on xIP. These variations had the effect of changing the measured shape of the cross section

dσ/dzmeas
IP for zmeas

IP < 0.9, but the excess above the Rapgap prediction for zmeas
IP ≥ 0.9

remained present in each case.

Figures 7–10, together with Tables 6–17, show the differential cross sections for a number

of kinematic variables for the full zmeas
IP range and separately for the ranges zmeas

IP < 0.9 and

zmeas
IP ≥ 0.9. The variables presented are the transverse energy and the pseudorapidity of

the photon and the jet, the incoming photon–proton centre-of-mass energy, W, the ratio

of the transverse energies of the photon and the jet, the quantities xmeas
γ , xIP and MX ,

the differences in azimuth and pseudorapidity of the photon and the jet, ∆φ = |φγ − φjet|
and ∆η = ηγ − ηjet, and ηmax. Cross sections for Ejet

T above 15 GeV are omitted from

Figs. 8(a)–(c) owing to limited statistics, but the data in this range are included in the

other cross-section measurements.

The distributions shown in Figs. 7–10 are generally well described by Rapgap, apart

from ηmax in Fig. 10(g) when Rapgap is not reweighted. For zmeas
IP < 0.9, Rapgap

normalised to the data in this range is in agreement with the data in all variables. For

zmeas
IP ≥ 0.9, Rapgap gives a good phenomenological description of the shape of the data.

The distribution in ∆φ confirms that the data are dominated by events with a photon and

one jet. This is also confirmed by the distribution of the ratio of the transverse energies

of the photon and the jet.

The cross-section distribution in zmeas
IP may be compared to the results obtained by ZEUS

for the diffractive production of dijet systems [12, 54], where the photoproduction data

are not well described by Rapgap but do not show a similar rise at high values of zmeas
IP .

In DIS, the diffractive production of exclusive dijets was found to be better described

by a two-gluon-exchange, or direct Pomeron, model than by Rapgap [36]. The present

prompt-photon results give evidence for the presence of a direct Pomeron process in

diffractive photoproduction with zmeas
IP ≥ 0.9. Events in this region show indications of a

resolved photon contribution (Fig. 9(c)), but are dominated by direct photon interactions.

This is the first measurement in this channel. At present, no theoretical model is available

that might give a quantitative prediction for this effect.

The integrated visible HERA-II cross sections for the diffractive production of a prompt

photon in the above kinematic region, inclusively and with at least one jet, are found to

be 1.21 ± 0.10+0.10
−0.16 pb and 1.14 ± 0.10+0.07

−0.15 pb, respectively. The smaller and calculable

proton dissociation contribution in the HERA-I data allows a correction for this effect to

be made. Using the HERA-I data, analysed as for the present HERA-II measurements,

integrated cross sections of 1.21± 0.19+0.14
−0.14 pb and 1.10± 0.19+0.09

−0.13 pb, respectively, were

obtained. These were evaluated with the same event selections and kinematic limits as
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for the HERA-II measurements but supplemented by a veto on events with an FPC signal

of more than 1 GeV.

The integrated cross section from the HERA-I data, evaluated with the present exper-

imental selections in the range zmeas
IP < 0.9, is found to be 0.68 ± 0.14+0.06

−0.07 pb, with no

allowance for proton dissociation. This becomes 0.57±0.12+0.05
−0.06 pb after multiplying by a

dissociation correction factor of 0.84. The corresponding value from Rapgap is 0.68 pb,

with no proton dissociation and no resolved-suppression factor [7, 8]. The agreement in

shape and normalisation found with the Rapgap predictions in the lower zmeas
IP range,

obtained using Pomeron PDFs generated from DIS data, is consistent with a common set

of Pomeron PDFs in the photoproduction and DIS regimes.

11 Conclusions

The diffractive photoproduction of isolated photons, with and without at least one accom-

panying jet, has been measured for the first time with the ZEUS detector at HERA, using

integrated luminosities of 82±2 pb−1 from HERA-I and 374±7 pb−1 from HERA-II. Cross

sections are presented in a kinematic region defined in the laboratory frame by: Q2 < 1

GeV2, 0.2 < y < 0.7, −0.7 < ηγ < 0.9, 5 < Eγ
T < 15 GeV, 4 < Ejet

T < 35 GeV and

−1.5 < ηjet < 1.8. The diffractive requirement was ηmax < 2.5 and xIP < 0.03. Photon

isolation was imposed by requiring that the photon had at least 90% of the energy of the

reconstructed jet of which it formed a part.

Differential cross sections are presented in terms of the transverse energy and pseudora-

pidity of the prompt photon and the jet, and for a number of variables that describe the

kinematic properties of the diffractively produced system, in particular the fraction of the

Pomeron energy given to the prompt photon and the jet, zmeas
IP .

The data are compared with a standard Rapgap model that simulates direct and resolved

photon interactions with a resolved Pomeron. With the exception of ηmax and zmeas
IP , the

distributions in all the variables are well described in shape by this model over the whole

zmeas
IP range and in the ranges zmeas

IP < 0.9 and zmeas
IP ≥ 0.9 separately. For zmeas

IP ≥ 0.9, there

is evidence for an excess in the data above the nominal Rapgap prediction. This excess

indicates the presence of a direct Pomeron interaction, and is observed predominantly in

the direct photon channel.
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[2] M. Wüsthoff, Ph.D Thesis, DESY-95-166 (1995);

M. Diehl, Z. Phys. C76 (1997) 499;

J. Bartels et al., in Proc. Workshop on Future Physics at HERA, eds. A. De Roeck,

G. Ingelman and R. Klanner, DESY (1995/966) 668, hep-ph/9609239.

[3] H. Jung, https://rapgap.hepforge.org/rapgap.pdf.

[4] G. Ingelman and P. Schlein, Phys. Lett. B 152 (1985) 256.

[5] H1 Collaboration, A. Aktas et al., Eur. Phys. J. C 48 (2006) 715.

[6] B. Kniehl, H.-G. Kohrs and G. Kramer, Z. Phys. C 65 (1995) 657;

H.-G. Kohrs, hep-ph/9507208;

A. Donnachie and P.V. Landshoff, Phys. Lett. B 285 (1992) 172.

[7] J. Collins, Phys. Rev. D 57 (1998) 3051, erratum Phys. Rev. D 61 (2000) 019902.

[8] A. Kaidalov et al., Eur. Phys. J. C 21 (2001) 521.

[9] M. Klasen and G. Kramer, in Proc. 12 International Workshop on Deep Inelastic

Scattering, eds. D. Bruncko, J. Ferencei and P. Striženeć (2004) 492,
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Eγ
T range

(GeV)
dσ
dEγT

(pb GeV−1)

5.0 – 6.0 0.549± 0.087 (stat.) +0.033
−0.072 (syst.)

6.0 – 7.0 0.269± 0.054 (stat.) +0.038
−0.038 (syst.)

7.0 – 8.0 0.187± 0.032 (stat.) +0.023
−0.027 (syst.)

8.0 – 15.0 0.031± 0.005 (stat.) +0.004
−0.005 (syst.)

Table 1: Differential cross-section dσ
dEγT

for inclusive photons in diffractive photo-

production. (Figure 5(a))

ηγ range dσ
dηγ

(pb)

– 0.7 – – 0.3 1.33± 0.19 (stat.) +0.13
−0.18 (syst.)

– 0.3 – 0.1 0.87± 0.14 (stat.) +0.09
−0.11 (syst.)

0.1 – 0.5 0.419± 0.105 (stat.) +0.019
−0.057 (syst.)

0.5 – 0.9 0.485± 0.095 (stat.) +0.056
−0.064 (syst.)

Table 2: Differential cross-section dσ
dηγ

for inclusive photons in diffractive photo-

production. (Figure 5(b))

xIP range dσ
dxIP

(pb)

0.0 – 0.005 24.3± 7.5 (stat.) +2.0
−3.9 (syst.)

0.005 – 0.01 87.6± 12.8 (stat.) +7.8
−11.1 (syst.)

0.01 – 0.015 67.1± 10.9 (stat.) +5.5
−11.0 (syst.)

0.015 – 0.02 41.9± 8.6 (stat.) +3.3
−5.8 (syst.)

0.02 – 0.025 15.4± 4.7 (stat.) +1.3
−2.0 (syst.)

0.025 – 0.03 4.9± 3.2 (stat.) +1.5
−0.9 (syst.)

Table 3: Differential cross-section dσ
dxIP

for inclusive photons in diffractive pho-

toproduction.(Figure 5(c))
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MX range

(GeV)
dσ
dMX

(pb GeV−1)

10.0 – 15.0 0.048± 0.008 (stat.) +0.006
−0.006 (syst.)

15.0 – 20.0 0.101± 0.014 (stat.) +0.010
−0.015 (syst.)

20.0 – 25.0 0.053± 0.009 (stat.) +0.010
−0.009 (syst.)

25.0 – 30.0 0.029± 0.007 (stat.) +0.002
−0.005 (syst.)

30.0 – 40.0 0.005± 0.002 (stat.) +0.001
−0.001 (syst.)

Table 4: Differential cross-section dσ
dMX

for inclusive photons in diffractive pho-

toproduction. (Figure 5(d))

zmeas
IP range dσ

dzmeas
IP

(pb)

0.0 – 0.4 0.25± 0.08 (stat.) +0.01
−0.04 (syst.)

0.4 – 0.5 0.74± 0.29 (stat.) +0.10
−0.15 (syst.)

0.5 – 0.6 1.12± 0.32 (stat.) +0.05
−0.14 (syst.)

0.6 – 0.7 1.73± 0.35 (stat.) +0.12
−0.24 (syst.)

0.7 – 0.8 1.44± 0.29 (stat.) +0.15
−0.15 (syst.)

0.8 – 0.9 1.02± 0.27 (stat.) +0.13
−0.19 (syst.)

0.9 – 1.0 4.79± 0.65 (stat.) +0.83
−0.93 (syst.)

Table 5: Differential cross-section dσ
dzmeas

IP
for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 6)
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Eγ
T range

(GeV)
dσ
dEγT

(pb GeV−1)

0 < zmeas
IP ≤1.0

5.0 – 6.0 0.483± 0.081 (stat.) +0.021
−0.067 (syst.)

6.0 – 7.0 0.257± 0.052 (stat.) +0.024
−0.030 (syst.)

7.0 – 8.0 0.185± 0.033 (stat.) +0.025
−0.026 (syst.)

8.0 – 15.0 0.031± 0.005 (stat.) +0.004
−0.004 (syst.)

zmeas
IP < 0.9

5.0 – 6.0 0.314± 0.052 (stat.) +0.009
−0.040 (syst.)

6.0 – 7.0 0.143± 0.034 (stat.) +0.015
−0.016 (syst.)

7.0 – 8.0 0.122± 0.026 (stat.) +0.012
−0.015 (syst.)

8.0 – 15.0 0.014± 0.003 (stat.) +0.001
−0.002 (syst.)

zmeas
IP ≥ 0.9

5.0 – 6.0 0.112± 0.044 (stat.) +0.023
−0.029 (syst.)

6.0 – 7.0 0.118± 0.035 (stat.) +0.025
−0.023 (syst.)

7.0 – 8.0 0.056± 0.018 (stat.) +0.017
−0.014 (syst.)

8.0 – 15.0 0.015± 0.003 (stat.) +0.003
−0.002 (syst.)

Table 6: Differential cross-section dσ
dEγT

for photons accompanied by at least one jet

in diffractive photoproduction. Here and below, the differences between the results
evaluated for the entire zmeas

IP range and the sum of the corresponding results for the
two partial ranges are of statistical origin. (Figure 7(a–c))
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ηγ range dσ
dηγ

(pb)

0 < zmeas
IP ≤1.0

–0.7 – – 0.3 1.24± 0.18 (stat.) +0.08
−0.16 (syst.)

– 0.3 – 0.1 0.78± 0.13 (stat.) +0.06
−0.10 (syst.)

0.1 – 0.5 0.46± 0.11 (stat.) +0.02
−0.06 (syst.)

0.5 – 0.9 0.45± 0.09 (stat.) +0.04
−0.07 (syst.)

zmeas
IP < 0.9

–0.7 – – 0.3 0.70± 0.11 (stat.) +0.04
−0.08 (syst.)

– 0.3 – 0.1 0.47± 0.09 (stat.) +0.04
−0.06 (syst.)

0.1 – 0.5 0.28± 0.07 (stat.) +0.02
−0.03 (syst.)

0.5 – 0.9 0.26± 0.07 (stat.) +0.02
−0.04 (syst.)

zmeas
IP ≥ 0.9

–0.7 – – 0.3 0.44± 0.11 (stat.) +0.11
−0.09 (syst.)

– 0.3 – 0.1 0.29± 0.09 (stat.) +0.07
−0.06 (syst.)

0.1 – 0.5 0.21± 0.07 (stat.) +0.04
−0.05 (syst.)

0.5 – 0.9 0.19± 0.07 (stat.) +0.03
−0.05 (syst.)

Table 7: Differential cross-section dσ
dηγ

for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 7(d–f))
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W range

(GeV)
dσ
dW

(pb GeV−1)

0 < zmeas
IP ≤1.0

140 – 160 0.0089± 0.0020 (stat.) +0.0005
−0.0012 (syst.)

160 – 180 0.0163± 0.0027 (stat.) +0.0013
−0.0023 (syst.)

180 – 200 0.0121± 0.0023 (stat.) +0.0007
−0.0015 (syst.)

200 – 220 0.0102± 0.0024 (stat.) +0.0008
−0.0012 (syst.)

220 – 240 0.0059± 0.0015 (stat.) +0.0005
−0.0007 (syst.)

240 – 260 0.0050± 0.0015 (stat.) +0.0002
−0.0006 (syst.)

zmeas
IP < 0.9

140 – 160 0.0045± 0.0012 (stat.) +0.0002
−0.0005 (syst.)

160 – 180 0.0086± 0.0016 (stat.) +0.0003
−0.0012 (syst.)

180 – 200 0.0079± 0.0016 (stat.) +0.0004
−0.0009 (syst.)

200 – 220 0.0054± 0.0015 (stat.) +0.0003
−0.0006 (syst.)

220 – 240 0.0044± 0.0013 (stat.) +0.0003
−0.0005 (syst.)

240 – 260 0.0032± 0.0013 (stat.) +0.0003
−0.0004 (syst.)

zmeas
IP ≥ 0.9

140 – 160 0.0042± 0.0016 (stat.) +0.0002
−0.0008 (syst.)

160 – 180 0.0062± 0.0016 (stat.) +0.0010
−0.0010 (syst.)

180 – 200 0.0031± 0.0013 (stat.) +0.0012
−0.0007 (syst.)

200 – 220 0.0047± 0.0017 (stat.) +0.0015
−0.0012 (syst.)

220 – 240 0.0015± 0.0008 (stat.) +0.0005
−0.0004 (syst.)

240 – 260 0.0015± 0.0007 (stat.) +0.0003
−0.0004 (syst.)

Table 8: Differential cross-section dσ
dW

for photons accompanied by at least one
jet in diffractive photoproduction. (Figure 7(g–i))
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Ejet
T range

(GeV)
dσ

dEjet
T

(pb GeV−1)

0 < zmeas
IP ≤1.0

4.0 – 6.0 0.178± 0.032 (stat.) +0.011
−0.029 (syst.)

6.0 – 8.0 0.253± 0.036 (stat.) +0.023
−0.030 (syst.)

8.0 – 10.0 0.112± 0.019 (stat.) +0.007
−0.015 (syst.)

10.0 – 15.0 0.016± 0.004 (stat.) +0.003
−0.002 (syst.)

zmeas
IP < 0.9

4.0 – 6.0 0.136± 0.025 (stat.) +0.007
−0.020 (syst.)

6.0 – 8.0 0.128± 0.022 (stat.) +0.016
−0.015 (syst.)

8.0 – 10.0 0.061± 0.012 (stat.) +0.003
−0.006 (syst.)

10.0 – 15.0 0.006± 0.002 (stat.) +0.001
−0.001 (syst.)

zmeas
IP ≥ 0.9

4.0 – 6.0 0.030± 0.013 (stat.) +0.010
−0.007 (syst.)

6.0 – 8.0 0.126± 0.026 (stat.) +0.024
−0.024 (syst.)

8.0 – 10.0 0.043± 0.013 (stat.) +0.006
−0.010 (syst.)

10.0 – 15.0 0.010± 0.003 (stat.) +0.002
−0.002 (syst.)

Table 9: Differential cross-section dσ

dEjet
T

for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 8(a–c))
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ηjet range dσ
dηjet

(pb)

0 < zmeas
IP ≤1.0

–1.5 – – 0.7 0.38± 0.06 (stat.) +0.03
−0.05 (syst.)

– 0.7 – 0.1 0.53± 0.08 (stat.) +0.04
−0.06 (syst.)

0.1 – 0.9 0.43± 0.07 (stat.) +0.02
−0.07 (syst.)

0.9 – 1.8 0.09± 0.03 (stat.) +0.00
−0.01 (syst.)

zmeas
IP < 0.9

–1.5 – – 0.7 0.27± 0.05 (stat.) +0.02
−0.03 (syst.)

– 0.7 – 0.1 0.32± 0.05 (stat.) +0.02
−0.03 (syst.)

0.1 – 0.9 0.24± 0.05 (stat.) +0.01
−0.04 (syst.)

0.9 – 1.8 0.03± 0.02 (stat.) +0.01
−0.01 (syst.)

zmeas
IP ≥ 0.9

–1.5 – – 0.7 0.08± 0.03 (stat.) +0.03
−0.02 (syst.)

– 0.7 – 0.1 0.18± 0.05 (stat.) +0.04
−0.04 (syst.)

0.1 – 0.9 0.17± 0.04 (stat.) +0.03
−0.04 (syst.)

0.9 – 1.8 0.09± 0.03 (stat.) +0.03
−0.02 (syst.)

Table 10: Differential cross-section dσ
dηjet

for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 8(d–f))

25



Eγ
T/E

jet
T range dσ

d(EγT /E
jet
T )

(pb)

0 < zmeas
IP ≤1.0

0.4 – 0.6 0.012± 0.007 (stat.) +0.005
−0.002 (syst.)

0.6 – 0.8 0.62± 0.13 (stat.) +0.08
−0.15 (syst.)

0.8 – 1.0 2.68± 0.45 (stat.) +0.43
−0.30 (syst.)

1.0 – 1.2 1.29± 0.24 (stat.) +0.13
−0.20 (syst.)

1.2 – 1.4 0.35± 0.09 (stat.) +0.11
−0.09 (syst.)

1.4 – 1.6 0.15± 0.05 (stat.) +0.05
−0.03 (syst.)

zmeas
IP < 0.9

0.4 – 0.6 0.010± 0.006 (stat.) +0.005
−0.002 (syst.)

0.6 – 0.8 0.36± 0.10 (stat.) +0.05
−0.08 (syst.)

0.8 – 1.0 1.28± 0.27 (stat.) +0.24
−0.20 (syst.)

1.0 – 1.2 0.95± 0.22 (stat.) +0.07
−0.17 (syst.)

1.2 – 1.4 0.31± 0.09 (stat.) +0.08
−0.07 (syst.)

1.4 – 1.6 0.15± 0.05 (stat.) +0.05
−0.02 (syst.)

zmeas
IP ≥ 0.9

0.6 – 0.8 0.24± 0.08 (stat.) +0.07
−0.07 (syst.)

0.8 – 1.0 1.19± 0.29 (stat.) +0.27
−0.16 (syst.)

1.0 – 1.2 0.33± 0.09 (stat.) +0.16
−0.06 (syst.)

Table 11: Differential cross-section dσ

d(EγT /E
jet
T )

for photons accompanied by at least

one jet in diffractive photoproduction. Omitted values for zmeas
IP ≥ 0.9 are consistent

with zero. (Figure 8(g–i))
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xmeas
γ range dσ

dxmeas
γ

(pb)

0 < zmeas
IP ≤1.0

0.1 – 0.6 0.16± 0.08 (stat.) +0.03
−0.05 (syst.)

0.6 – 0.7 0.54± 0.20 (stat.) +0.09
−0.11 (syst.)

0.7 – 0.8 1.25± 0.31 (stat.) +0.09
−0.20 (syst.)

0.8 – 0.9 1.95± 0.35 (stat.) +0.18
−0.20 (syst.)

0.9 – 1.0 5.98± 0.64 (stat.) +0.50
−0.81 (syst.)

zmeas
IP < 0.9

0.1 – 0.6 0.08± 0.07 (stat.) +0.04
−0.04 (syst.)

0.6 – 0.7 0.49± 0.18 (stat.) +0.05
−0.10 (syst.)

0.7 – 0.8 1.01± 0.27 (stat.) +0.07
−0.16 (syst.)

0.8 – 0.9 1.80± 0.34 (stat.) +0.27
−0.21 (syst.)

0.9 – 1.0 2.81± 0.37 (stat.) +0.09
−0.30 (syst.)

zmeas
IP ≥ 0.9

0.1 – 0.6 0.11± 0.05 (stat.) +0.02
−0.05 (syst.)

0.6 – 0.7 0.08± 0.07 (stat.) +0.05
−0.02 (syst.)

0.7 – 0.8 0.21± 0.16 (stat.) +0.03
−0.04 (syst.)

0.8 – 0.9 0.26± 0.13 (stat.) +0.06
−0.07 (syst.)

0.9 – 1.0 2.78± 0.48 (stat.) +0.57
−0.54 (syst.)

Table 12: Differential cross-section dσ
dxmeas
γ

for photons accompanied by at least

one jet in diffractive photoproduction. (Figure 9(a–c))
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xIP range dσ
dxIP

(pb)

0 < zmeas
IP ≤1.0

0.0 – 0.005 26.0± 7.0 (stat.) +3.3
−3.1 (syst.)

0.005 – 0.01 76.4± 11.8 (stat.) +5.6
−9.1 (syst.)

0.01 – 0.015 70.6± 10.2 (stat.) +3.2
−11.0 (syst.)

0.015 – 0.02 37.8± 7.9 (stat.) +2.6
−4.8 (syst.)

0.02 – 0.025 11.7± 4.1 (stat.) +0.8
−1.4 (syst.)

0.025 – 0.03 5.4± 3.3 (stat.) +2.0
−0.6 (syst.)

zmeas
IP < 0.9

0.0 – 0.005 9.0± 3.0 (stat.) +4.3
−1.5 (syst.)

0.005 – 0.01 40.4± 7.5 (stat.) +3.7
−4.5 (syst.)

0.01 – 0.015 49.8± 8.5 (stat.) +1.4
−7.8 (syst.)

0.015 – 0.02 26.6± 6.5 (stat.) +1.4
−3.4 (syst.)

0.02 – 0.025 9.5± 3.6 (stat.) +0.7
−1.2 (syst.)

0.025 – .0.03 2.3± 2.0 (stat.) +1.1
−0.2 (syst.)

zmeas
IP ≥ 0.9

0.0 – 0.005 11.6± 5.5 (stat.) +4.7
−3.6 (syst.)

0.005 – 0.01 31.9± 8.9 (stat.) +9.2
−7.1 (syst.)

0.01 – 0.015 20.8± 5.0 (stat.) +4.0
−4.8 (syst.)

0.015 – 0.02 10.6± 3.7 (stat.) +1.9
−1.7 (syst.)

0.02 – 0.025 3.1± 3.3 (stat.) +0.4
−0.8 (syst.)

0.025 – 0.03 9.5± 10.5 (stat.) +2.3
−4.7 (syst.)

Table 13: Differential cross-section dσ
dxIP

for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 9(d–f))
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MX range

(GeV)
dσ
dMX

(pb GeV−1)

0 < zmeas
IP ≤1.0

10.0 – 15.0 0.042± 0.008 (stat.) +0.003
−0.005 (syst.)

15.0 – 20.0 0.091± 0.012 (stat.) +0.007
−0.013 (syst.)

20.0 – 25.0 0.055± 0.009 (stat.) +0.007
−0.009 (syst.)

25.0 – 30.0 0.029± 0.006 (stat.) +0.001
−0.004 (syst.)

30.0 – 40.0 0.004± 0.002 (stat.) +0.001
−0.000 (syst.)

zmeas
IP < 0.9

10.0 – 15.0 0.013± 0.003 (stat.) +0.003
−0.002 (syst.)

15.0 – 20.0 0.051± 0.009 (stat.) +0.003
−0.007 (syst.)

20.0 – 25.0 0.042± 0.008 (stat.) +0.007
−0.007 (syst.)

25.0 – 30.0 0.024± 0.006 (stat.) +0.001
−0.004 (syst.)

30.0 – 40.0 0.003± 0.002 (stat.) +0.001
−0.000 (syst.)

zmeas
IP ≥ 0.9

10.0 – 15.0 0.024± 0.007 (stat.) +0.004
−0.005 (syst.)

15.0 – 20.0 0.039± 0.008 (stat.) +0.008
−0.009 (syst.)

20.0 – 25.0 0.014± 0.004 (stat.) +0.004
−0.003 (syst.)

25.0 – 30.0 0.005± 0.004 (stat.) +0.001
−0.001 (syst.)

30.0 – 40.0 0.002± 0.002 (stat.) +0.001
−0.000 (syst.)

Table 14: Differential cross-section dσ
dMX

for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 9(g–i))
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∆φ range

(deg.)
dσ
d∆φ

(pb deg.−1)

0 < zmeas
IP ≤1.0

130 – 140 0.001± 0.001 (stat.) +0.000
−0.000 (syst.)

140 – 150 0.002± 0.002 (stat.) +0.001
−0.001 (syst.)

150 – 160 0.007± 0.002 (stat.) +0.002
−0.001 (syst.)

160 – 170 0.017± 0.003 (stat.) +0.002
−0.003 (syst.)

170 – 180 0.077± 0.009 (stat.) +0.004
−0.009 (syst.)

zmeas
IP < 0.9

130 – 140 0.001± 0.001 (stat.) +0.000
−0.000 (syst.)

140 – 150 0.002± 0.002 (stat.) +0.001
−0.001 (syst.)

150 – 160 0.006± 0.002 (stat.) +0.002
−0.001 (syst.)

160 – 170 0.015± 0.003 (stat.) +0.001
−0.002 (syst.)

170 – 180 0.038± 0.005 (stat.) +0.002
−0.004 (syst.)

zmeas
IP ≥ 0.9

160 – 170 0.003± 0.001 (stat.) +0.002
−0.001 (syst.)

170 – 180 0.037± 0.006 (stat.) +0.007
−0.006 (syst.)

Table 15: Differential cross-section dσ
d∆φ

for photons accompanied by at least

one jet in diffractive photoproduction, where ∆φ = |φγ − φjet|. Omitted values for
zmeas
IP ≥ 0.9 are consistent with zero. (Figure 10(a–c))
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∆η range dσ
d∆η

(pb)

0 < zmeas
IP ≤1.0

–2.9 – –2.2 0.006± 0.005 (stat.) +0.002
−0.001 (syst.)

–2.2 – –1.5 0.018± 0.028 (stat.) +0.007
−0.007 (syst.)

–1.5 – –0.8 0.187± 0.053 (stat.) +0.007
−0.042 (syst.)

–0.8 – –0.1 0.438± 0.074 (stat.) +0.029
−0.057 (syst.)

–0.1 – 0.6 0.541± 0.088 (stat.) +0.047
−0.067 (syst.)

0.6 – 1.3 0.329± 0.062 (stat.) +0.012
−0.044 (syst.)

1.3 – 2.0 0.115± 0.032 (stat.) +0.024
−0.013 (syst.)

2.0 – 2.7 0.015± 0.014 (stat.) +0.001
−0.002 (syst.)

zmeas
IP < 0.9

–2.9 – –1.5 0.000± 0.004 (stat.) +0.000
−0.000 (syst.)

–1.5 – –0.8 0.085± 0.035 (stat.) +0.002
−0.020 (syst.)

–0.8 – –0.1 0.242± 0.047 (stat.) +0.018
−0.029 (syst.)

–0.1 – 0.6 0.343± 0.058 (stat.) +0.021
−0.039 (syst.)

0.6 – 1.3 0.220± 0.048 (stat.) +0.017
−0.027 (syst.)

1.3 – 2.7 0.040± 0.012 (stat.) +0.008
−0.005 (syst.)

zmeas
IP ≥ 0.9

–2.9 – –1.5 0.028± 0.013 (stat.) +0.010
−0.003 (syst.)

–1.5 – –0.8 0.106± 0.029 (stat.) +0.025
−0.028 (syst.)

–0.8 – –0.1 0.188± 0.057 (stat.) +0.035
−0.042 (syst.)

–0.1 – 0.6 0.144± 0.045 (stat.) +0.029
−0.030 (syst.)

0.6 – 1.3 0.097± 0.037 (stat.) +0.026
−0.027 (syst.)

1.3 – 2.7 0.015± 0.015 (stat.) +0.007
−0.011 (syst.)

Table 16: Differential cross-section dσ
d∆η

for photons accompanied by at least one

jet in diffractive photoproduction, where ∆η = ηγ − ηjet. (Figure 10(d–f))
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ηmax range dσ
dηmax

(pb)

0 < zmeas
IP ≤1.0

–1.0 – 0.0 0.091± 0.023 (stat.) +0.014
−0.101 (syst.)

0.0 – 0.5 0.279± 0.064 (stat.) +0.010
−0.042 (syst.)

0.5 – 1.0 0.282± 0.084 (stat.) +0.039
−0.034 (syst.)

1.0 – 1.5 0.537± 0.091 (stat.) +0.034
−0.069 (syst.)

1.5 – 2.0 0.433± 0.089 (stat.) +0.020
−0.062 (syst.)

2.0 – 2.5 0.543± 0.105 (stat.) +0.051
−0.069 (syst.)

zmeas
IP < 0.9

–1.0 – 0.0 0.014± 0.005 (stat.) +0.009
−0.004 (syst.)

0.0 – 0.5 0.049± 0.018 (stat.) +0.012
−0.011 (syst.)

0.5 – 1.0 0.104± 0.040 (stat.) +0.017
−0.011 (syst.)

1.0 – 1.5 0.318± 0.065 (stat.) +0.008
−0.036 (syst.)

1.5 – 2.0 0.375± 0.078 (stat.) +0.009
−0.051 (syst.)

2.0 – 2.5 0.464± 0.095 (stat.) +0.046
−0.056 (syst.)

zmeas
IP ≥ 0.9

–1.0 – 0.0 0.054± 0.023 (stat.) +0.024
−0.014 (syst.)

0.0 – 0.5 0.201± 0.059 (stat.) +0.040
−0.042 (syst.)

0.5 – 1.0 0.136± 0.064 (stat.) +0.040
−0.039 (syst.)

1.0 – 1.5 0.159± 0.053 (stat.) +0.035
−0.034 (syst.)

1.5 – 2.0 0.048± 0.040 (stat.) +0.016
−0.008 (syst.)

2.0 – 2.5 0.160± 0.129 (stat.) +0.044
−0.049 (syst.)

Table 17: Differential cross-section dσ
dηmax

for photons accompanied by at least one

jet in diffractive photoproduction. (Figure 10(g–i))
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(a) (b)

(c)

Figure 1: Examples of diagrams for the diffractive production of a prompt photon
and a jet in ep scattering from (a) direct (b) resolved photons, interacting with a
resolved Pomeron. The variables are described in Section 4. (c) Example of an
interaction between a direct photon and a direct Pomeron [1, 6].

33



Figure 2: Distribution of 〈δZ〉 for selected diffractive events with a photon candidate

and at least one jet, for the full sample of HERA-II data. The error bars denote the sta-

tistical uncertainties on the data, which are compared to the fitted signal and background

components from the MC. The unit of measurement of 〈δZ〉 is the width of one BEMC

cell.
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Figure 3: HERA-II events with a photon and at least one jet as a function of xmeas
γ ,

per unit interval in xmeas
γ , compared to a normalised 70:30 mixture of direct:resolved

photon Rapgap events without reweighting.
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(a) (b)

Figure 4: HERA-II events with a photon and at least one jet (a) as a function of zmeas
IP ,

and (b) as a function of ηmax, per unit interval of each variable, compared to a 70:30

Rapgap mixture of direct:resolved photon events, with and without reweighting of the

direct hadron-level component. The Rapgap histograms are normalised to the full data

sample except for the unreweighted histogram in (a), which is normalised to the data for

zmeas
IP < 0.9. The effect of a non-diffractive contribution of 10%, simulated with Pythia,

is indicated by the lower solid line.
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(a) (b)

(c) (d)

Figure 5: Differential cross sections for inclusive isolated photon production as func-

tions of (a) EγT , (b) ηγ, (c) xIP and (d) MX , measured with HERA-II. The kinematic

region is described in the text. The inner error bars denote statistical uncertainties;

the outer denote statistical with systematic uncertainties combined in quadrature. The

Rapgap predictions are normalised to the data. (Tables 1–4)
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Figure 6: Differential cross section for isolated photon production accompanied by at

least one jet, as a function of zmeas
IP , measured with HERA-II. The unreweighted Rapgap

prediction is normalised to the data integrated over the region zmeas
IP < 0.9; the reweighted

prediction is normalised to the full integrated data. The kinematic region is described in

the text. The inner error bars denote statistical uncertainties; the outer denote statistical

with systematic uncertainties combined in quadrature. (Table 5)
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 7: Differential cross sections for isolated photon production accompanied by at

least one jet, as functions of (a–c) EγT , (d–f) ηγ, and (g–i) W , measured with HERA-II.

Results are presented for (a, d, g) using the full zmeas
IP range, (b, e, h) zmeas

IP < 0.9, and

(c, f, i) zmeas
IP ≥ 0.9. The Rapgap predictions are normalised to the data in the selected

range; the reweighted prediction is shown in (a, d, g) only since in the other plots the

normalisation makes the two predictions identical. The kinematic region is described in

the text. The inner error bars denote statistical uncertainties; the outer denote statistical

with systematic uncertainties combined in quadrature. (Tables 6–8)
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 8: Differential cross sections for isolated photon production accompanied by at

least one jet, as functions of (a–c) Ejet
T , (d–f) ηjet, and (g–i) the transverse energy ratio

EγT /Ejet
T measured with HERA-II. Results are presented for (a, d, g) the full zmeas

IP range,

(b, e, h) zmeas
IP < 0.9, and (c, f, i) zmeas

IP ≥ 0.9. Other details as in Fig. 7. (Tables 9–11)
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 9: Differential cross sections for isolated photon production accompanied by

at least one jet, as functions of (a–c) xmeas
γ (d–f) xIP, and (g–i) MX , measured with

HERA-II. Results are presented for (a, d, g) the full zmeas
IP range, (b, e, h) zmeas

IP < 0.9,

and (c, f, i) zmeas
IP ≥ 0.9. Other details as in Fig. 7. (Tables 12–14)
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 10: Differential cross sections for isolated photon production accompanied by

at least one jet, as functions of (a–c) ∆φ = |φγ − φjet|, (d–f) ∆η = ηγ − ηjet, and (g–i)

ηmax, measured with HERA-II. Results are presented for (a, d, g) the full zmeas
IP range, (b,

e, h) zmeas
IP < 0.9, and (c, f, i) zmeas

IP ≥ 0.9. Other details as in Fig. 7. (Tables 15–17)
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