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Abstract

The production of photons at very small angles with respat¢hé proton beam direction
is studied in deep-inelastic positron-proton scatteringiBRA. The data are taken with
the H1 detector in the years 2006 and 2007 and corresponditdemmated luminosity of
126 pb~!. The analysis covers the range of negative four momentunsfea squared at
the positron verte < Q2 < 100 GeV? and inelasticity).05 < 3 < 0.6. Cross sections
are measured for the most energetic photon with pseudaapjd> 7.9 as a function
of its transverse momentum;g?“d and longitudinal momentum fraction of the incoming
proton z/®d. In addition, the cross sections are studied as a functiahesum of the
longitudinal momentum fraction;“" of all photons in the pseudorapidity range> 7.9.
The cross sections are normalised to the inclusive dedasie scattering cross section
and compared to the predictions of models of deep-inelastttering and models of the
hadronic interactions of high energy cosmic rays.
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1 Introduction

Measurements of particle production at very small angldghk véspect to the proton beam di-
rection (forward direction) in positron-proton collisisare important for the understanding of
the fragmentation of the proton remnant. These measuranads provide important con-
straints for the modelling of the high energy air showers tredleby are very valuable for the
understanding of high energy cosmic ray data [1, 2]. The HILZEBUS experiments at the p
collider HERA have published several analyses on the ptoaluof forward protons and neu-
trons which carry a large fraction of the longitudinal morhen of the incoming proton [3—7].
These measurements probe different mechanisms relatée toaryon production in forward
direction, such as elastic scattering of the proton, diffvee dissociation, pion exchange and
string fragmentation. In particular, these measuremestshe hypothesis of limiting fragmen-
tation [8, 9], according to which, in the high-energy lintihe cross section for the inclusive
production of particles in the target fragmentation regi®mdependent of the incident pro-
jectile energy. This hypothesis implies, that in deepasgt scattering (DIS) forward particle
production cross sections are independent of the Bjorkand the virtuality of the exchanged
photon?.

The measurement of the photon production in the forwardctioe can provide new input
to the understanding of proton fragmentation, and is comptgary to forward baryon mea-
surements. The production of photons arfdmesons in the proton fragmentation region has
been studied ipp andpp collisions at SPS and the LHC colliders [10, 11]. The analyse-
sented here is the first measurement of very forward photoi¥$ e*p collisions at HERA.
The photons are detected at very small angles b@&lg& mrad with respect to proton beam
direction. It relies on the upgraded H1 Forward Neutron @aleter (FNC) which includes an
electromagnetic section.

2 Experimental Procedure and Data Analysis

The data used in this analysis were collected with the Hlotietat HERA in the years 2006 and
2007 and correspond to an integrated luminosityasf pb~!. During the period corresponding
to the analysis data set HERA collided positrons and prototisenergies o, = 27.6 GeV
andE, = 920 GeV, respectively, corresponding to a centre-of-massgynafr,/s = 319 GeV.

2.1 H1detector

A detailed description of the H1 detector can be found elsee/fil2—17]. Only the detector
components relevant to this analysis are briefly descrilged.iThe origin of the right-handed
H1 coordinate system is the nomindlp interaction point. The direction of the proton beam
defines the positive axis; the polar anglé is measured with respect to this axis. Transverse
momenta are measured in they plane. The pseudorapidity is defined hy= — In (tan g)

and is measured in the lab frame. The polar an@les0.75 mrad correspond to pseudorapidity
rangen > 7.9.



The interaction region is surrounded by a two-layer siligtnp detector and two large
concentric drift chambers. Charged particle momenta arasored in the angular range
25° < 6 < 155°. The tracking system is surrounded by a finely segmentedd.ijrgon (LAr)
calorimeter, which covers the polar angle rangelok 6 < 154° with full azimuthal accep-
tance. The LAr calorimeter consists of an electromagnedatisn with lead absorber and a
hadronic section with steel absorber. The total depth ofLthecalorimeter ranges from.5
to 8 hadronic interaction lengths. The backward regioh3{ < 6 < 177.8°) is covered by a
lead/scintillating-fibre calorimeter (SpaCal). Its maurpose is the detection of the scattered
positron. The energy resolution for positronsier) /E ~ 7.1%/+/E[GeV] & 1%, as deter-
mined in test beam measurements [16]. The LAr and SpaCaliwaters are surrounded by
a superconducting solenoid which provides a uniform magrieid of 1.16 T along the beam
direction.

The luminosity is measured via the Bethe-Heitler Brem&dtirag processp — ¢'p, the
final state photon being detected in a tungsten/quartzgdmeling calorimeter at= —103 m.

The data sample of this analysis was collected using treggarich require the scattered
positron to be measured in the SpaCal. The trigger efficiea@boutd6% for the analysis
phase space as determined from data using independegtgiteid data.
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Figure 1: (a) A schematic view of the H1 FNC. (b) Layoutofertical andd horizontal read-
out strips of the Preshower Calorimeter. The hatched arearskhe geometrical acceptance
window defined by the beam-line elements. The area correspgnon > 7.9 is indicated by
dashed circle.

2.2 Detection of forward neutral particles

Neutral particles produced at very small polar angles caddtected in the FNC calorimeter,
which is situated at a polar angle @f, at = = +106 m from the interaction point. A schematic
view of the H1 FNC used during the HERA-II running period i®aim in figure 1a. A detailed

description of the detector is given in [7]. The FNC consadftthe Main Calorimeter and the
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Preshower Calorimeter. The Main Calorimeter is a leadtslgtor sandwich calorimeter with
a total length of8.9 nuclear interaction lengths. The Preshower Calorimeter48 cm long
lead-scintillator sandwich calorimeter. The length cep@ends to abouiO radiation lengths.
The Preshower Calorimeter is compose@éplanes: the first2 planes each consist of a lead
plate of 7.5 mm thickness and a scintillator plate 26 mm thickness. The secori@ planes
each consist of a lead plate of mm thickness and a scintillator plate ®2 mm thickness.
The transverse size of the scintillating platef6sx 26 cm?. Each scintillating plate hass
grooves with1.2 mm wavelength shifter fibres attached down one side. Then@atien of
fibres alternates from horizontal to vertical in conseafilanes. For each plane, the fibres are
bundled into nine strips of five fibres each. Longitudinadlly strips are combined leading %o
vertical andd horizontal towers which are finally connectedlitophotomultipliers.

The acceptance of the FNC is defined by the aperture of the Hid#n-line magnets and
is limited to scattering angles 6f< 0.8 mrad with approximatel$0% azimuthal coverage. The
geometrical acceptance window of the FNC is shown in figuréotiether with the layout of
the Preshower Calorimeter readout strips.

The longitudinal segmentation of the FNC allows efficierstcdimination of photons from
hadrons. The photon reconstruction algorithm is based ®feitt that electromagnetic showers
are fully contained in the Preshower Calorimeter with norgneleposits above the noise level
in the Main Calorimeter. For high energy neutrons most of énergy is contained in the
Main Calorimeter. However, low energy neutrons deposgddractions of their energy in the
Preshower Calorimeter. The fraction of neutrons which camisidentified as photons is about
10% for 90 GeV neutrons decreasing to beld for neutrons with an energy a0 GeV,
as determined from the Monte Carlo (MC) simulation. The gpeleposits in the FNC which
are contained in the Preshower Calorimeter are classifietle@mtromagnetic clusters and are
considered as photon candidates. The detection and regciisn efficiency for photons in the
measured angular range< 0.75 mrad, as estimated from MC simulation, is abs8a{; for
100 GeV photons increasing @ % for photons with energies &f00 GeV. Losses are mainly
due to interactions with the beampipe.

All modules of the FNC were initially calibrated at CERN ugih20-230 GeV electron
and120-350 GeV hadron beams. After the calorimeter was installed at DB stability of
calibration constants was monitored using interactiorieséen the proton beam and residual
gas in the beam pipe, as described in [7]. Refined calibratorstants for electromagnetic
showers are determined using an iterative procedure bastg@ssumption that the maximum
photon energyE***, as measured in the Preshower Calorimeter, is expectedeiquze to the
proton beam energy in case of unlimited statistics. Thidbcation procedure also utilises data
from HERA runs with reduced proton beam energiegaif GeV and>75 GeV. The validity of
this algorithm is tested with MC simulation.

The measured photon energy spectra for the three proton beangies are displayed in
figure 2a. The correlation between the beam energy and themaxphoton energy"** as
determined by the iterative procedure and after applyimgctibration is shown in figure 2b.
Using this calibration procedure, the linearity of the gyeresponse and the absolute energy
scale are verified to a precision &fo.
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Figure 2: (a) The measured photon energy spectra for thre®mpbeam energies. (b) The
correlation between the proton beam energy Atj.

The energy resolution of the FNC calorimeter for electromedg showers is (E)/E ~
20%/+/ E [GeV] @ 2%, as determined in test beam measurements. The spatialitiesdior
single electromagnetic showers and for those hadronic stsowhich started to develop in the
Preshower Calorimeter is abazimm.

2.3 Kinematics and event selection

The kinematic variables used to describe high energy DESactions are the exchanged photon
virtuality Q?, the inelasticityy and the Bjorken scaling variabie;;. They are defined as
Q* P-q

2 2 )
() = — e — 1
q , TBj 2pq7 Yy pku ()

wherep, k andq are the four-momenta of the incident proton, the incidergigpon and the
virtual photon, respectively.

The selection of DIS events is based on the identificatiohe$§tattered positron as the most
energetic compact calorimetric deposit in the SpaCal witker@ergyE! > 11 GeV and a polar
anglel56° < 0, < 175°. Thez coordinate of the primary event vertex is required to be inith
+35 cm of the nominal position of the interaction point. The laadc final state is reconstructed
using an energy flow algorithm which combines charged dagimeasured in the tracker with
information from the SpaCal and LAr calorimeters [19, 20).SLippress events with hard initial
state radiation, as well as events originating from mop-nteractions, the quantity’ £ — p,,
summed over all reconstructed final state particles inagdhe positron, is required to lie
betweers5 GeV and70 GeV. This quantity, which uses the energy and longitudinaimantum
component of each final state particle, is expected to beetthie electron beam energy for fully
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contained events. In addition, events are restricted t&itrematic rangeé < Q* < 100 GeV?
and0.05 < y < 0.6. These variables are reconstructed using a technique vaptmises
the resolution throughout the measuiednge, exploiting information from both the scattered
positron and the hadronic final state [18]. The data sampte@DIS events contains about
9.2 million events.

Events containing forward photons are selected by requaim electromagnetic cluster in
the FNC with a pseudorapidity aboved and an energy abow2 GeV, which corresponds to
the longitudinal momentum fractiory, = E.,/E, > 0.1, whereE, andE, are the proton beam
and forward photon energy, respectively. The data sampleacts78740 events.

In this analysis normalised differential cross sectioresraeasured for the most energetic
forward photon (leading photon) with pseudorapidijty- 7.9 as a function of its longitudinal
momentum fraction’’*® and transverse momentyii®?, in the range).1 < z'c*® < 0.7. Cross
sections are also measured as a function of the sum of lahigébmomentum fractions of all
forward photons withy > 7.9, x5 = >z, in the rangd.1 < z5*™ < 0.95. These cross
sections are given as the fraction of DIS events having fodwdnoton in thep—x, regions
given above. Finally, the ratio of the forward photon pradiituet cross section to the inclusive
DIS cross section is presented as a functio@dfindx Bj-

2.4 MonteCarlo simulations and correctionsto the data

Monte Carlo simulations are used to correct the data for tieets of detector acceptance, in-
efficiencies, migrations between measurement bins dueite fietector resolution and QED
radiation from the positron. All generated events are phs®ugh a GEANT3 [21] based sim-
ulation of the H1 apparatus and are then processed usin@ihe econstruction and analysis
chain as is used for the data.

The DJANGOH [22] program is used to generate inclusive DISnéx. It is based on
leading order electroweak cross sections and takes intouat®QCD effects up to order,.
Higher order QCD effects are simulated using leading loggmashowers as implemented in
LEPTO [23], or using the Colour Dipole Model (CDM) as implemted in ARIADNE [24].
Subsequent hadronisation effects are modelled using thd Etring fragmentation model as
implemented in JETSET [25, 26]. Higher order electroweadcpsses are simulated using an
interface to HERACLES [27]. The LEPTO program includes thauwation of soft colour
interactions (SCI) [28], in which the production of diffitaan-like configurations is enhanced
via non-perturbative colour rearrangements between thgomg partons. In the measured
range, omitting the SCI in the LEPTO would decrease the ptediyield of forward photons
by 5% at lowestz; and2% at highest:;. The simulation with CDM uses the parameters tuned
to describe H1 forward jet measurements [29]. The DJANGOH $ufiulations are calculated
using the H1PDF 2009 parameterisation [30] of the partotridigions in the proton. In the
following, the predictions based on LEPTO and ARIADNE areated LEPTO and CDM,
respectively.

The measurements are also compared with the predictionsvefra hadronic interac-
tion models which are commonly used for the simulation ofntiasray air shower cascades:
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EPOS [31], QGSJET 01 [32,33], QGSJET I1I-03 [34, 35] and SIBYR86, 39]. These models
are based on Regge theory [37], the Gribov’'s Reggeon ca¢88], and on perturbative QCD.
They use an unitarisation procedure to reconstruct ang@gfor exclusive processes and to
determine the total and elastic cross sections. Centraleziés of these models are the produc-
tion of mini-jets and the formation of colour strings thaagment into hadrons. Whereas the
Regge-Gribov approximation is applied to hadrons as iotearg objects in the case of QGSJET
and SIBYLL, itis extended to include partonic constituent& POS. Furthermore the models
differ in the treatment of saturation effects at high parti@msities at smalt and in the treat-
ment of the hadronic remnants in collisions. The progranesirterfaced with the PHOJET
program [40] for the simulation af " p interactions.

In all of these models, the main source of forward photonkésdecay ofr® mesons pro-
duced from the hadronisation of the proton remnant. The oreddistributions may contain
background arising from several sources. The backgroumm fphotoproduction processes,
where the positron is scattered into the backward beam-gmplea particle from the hadronic
final state fakes the positron signature in the SpaCal, isvattd using the PHOJET MC gen-
erator and found to be negligible. The selected sample matagsobackground from neu-
trons reconstructed as electromagnetic clusters as egalabove. For cluster energies above
92 GeV this background is found to be negligible according ® MC simulation. The back-
ground from the random coincidences of DIS events with a bedated background signals
in the FNC is estimated by combining DIS events with forwaaditigles in adjacent bunch-
crossings. It is found to be smaller thatt. The background contributions are not subtracted
from themeasured cross sections.

Two or more particles entering the FNC are reconstructed sisgle cluster due to the
relatively large size of the FNC readout modules in combamatvith a small geometrical ac-
ceptance window. According to the MC simulation, low enégelusters reconstructed in the
FNC mainly originate from single photons. The contributimom two photons increases almost
linearly from 10% at aboutd50 GeV to80% at900 GeV (the contribution from three and more
photons is below %). Therefore, the measurement of the cross section of sptgion pro-
duction is limited toxr; < 0.7, while the measurement of the total forward photon produrcti
cross section is extended to larger.

Factors determined from MC are used to correct distribtiatnthe level of reconstructed
particles back to the hadron level on a bin-by-bin basis. s€herrection factors include the
effects of QED radiation from the positron. For the calcalatof the correction factors the
simulations are reweighted to describe the distributions of the data. The average of the
correction factors determined from LEPTO and CDM is useck 3ilze of the correction factors
varies betweer2 and 3.5 for z!¢?, between3 and 4 for 3™, betweern2.5 and 12 for p'ced
and are abous.2 for the Q? andx; distributions. They are dominated by the non-uniform
azimuthal acceptance of the FNC, which is abgfi; on average. The bin purities, defined
as the fraction of events reconstructed in a particular hét driginate from that bin on hadron
level, vary betweefi5% and95%.



2.5 Systematic uncertainties

The systematic uncertainties on the cross section measutsrare determined using MC sim-
ulations, by propagating the corresponding uncertaintyaes through the full analysis chain.

As the cross sections are normalised to the inclusive DISscsection measured in this ana-
lysis, some important systematic uncertainties, suchasigyger efficiency, the luminosity and
the uncertainties related to the reconstruction of thetaiead positron and of the hadronic final
state are largely reduced or cancel. Uncertainties on tlesarements of the scattered positron
energy (%) and angle { mrad), the energy of the hadronic final stat&}, and the uncertainty
on the trigger efficiencyl(%) lead to an average combined uncertainty of up%o

The absolute electromagnetic energy scale of the FNC is krtova precision ob% as
described in section 2.2. This leads to an uncertainty/obn the cross section measurement at
low energies, increasing 85% for the largestr;, values. The acceptance of the FNC calorime-
ter is defined by the interaction point and the geometry oHE®A magnets and is determined
using MC simulations. The uncertainty of the impact positd the photon on the FNC is due
to beam inclination and the uncertainty on the FNC posititis.estimated to b& mm. This re-
sults in uncertainties on the FNC acceptance determinafiop to15% for thex;, distributions
and up ta60% for thepca? distribution. These effects are strongly correlated betwaeasure-
ment bins. For thé)? andxz; measurements, these effects lead to normalisation unugred
approximatelyr%.

The systematic uncertainty arising from the model depecelehthe data correction is taken
as the difference of the corrections calculated using theR L& and CDM models. The resulting
uncertainty on the cross-section increases fidinto 6% for the z'c*¢ andpl*? distributions,
from 2% to 20% for the z§“™ distribution, and from.% to 2% for the Q* andz s, distributions.
Using different parton distribution functions in the MC sitation results in a negligible change
in the cross section.

The systematic errors shown in the figures and table are letdclias the quadratic sum
of all contributions, which may vary from point to point. Thetal systematic error for the
normalised cross section measurements ranges besfeand18% for x'¢*, 6% and58% for
piead 8% and44% for z3*™ and7% and8% for Q? andz ;.

3 Reaults

The measured normalised differential cross sections ®pthduction of very forward photons
in the pseudorapidity range > 7.9 in DIS in the kinematic rangé < Q* < 100 GeV* and
0.05 < y < 0.6, are presented in table 1 and figures 3-5. The measuremenfwesented
in figures 3 and 4 as a function af** and p'c*® of the most energetic photon withl <
zlerd < (0.7. The results as a function of the sum of longitudinal momenfractionsz“™ of
all photons withy > 7.9 are presented in figure 5.

The data are compared with the predictions of models fousigé DIS (LEPTO and CDM)
and models of hadronic interactions (EPOS, SIBYLL and twsiaas of QGSJET). The ratios
of MC model predictions to the measurements are shown sehara
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All models tested in this paper overestimate the total réfervard photons. The LEPTO
and CDM models predict abo@t% more photons than measured, while EPOS, SIBYLL and
QGSJET overestimate the rate of photons by al36U¢ to 50%. In contrast to the excess of
photons in the CDM, the same model predicts a too low raterefdad neutrons as observed in
previous H1 analysis of forward neutron production [7].

The shapes of all measured distributions are well deschiyddEPTO. The CDM predicts
harderz; andpr spectra. The QGSJET model overestimates the measuredsectssns by
about 40% at lowest; andpr but is consistent with the data within the experimental unce
tainties elsewhere. The EPOS and SIBYLL models predictdrarg spectra, but describe
reasonably the shape pf distribution.

A measurement of the energy spectra of single photons peatiugp collisions at7 TeV
centre-of-mass energy at the LHC has been recently repbyt¢kde LHCf Collaboration [11]
for the pseudorapidity range&s81 < n < 8.99 andn > 10.94. Due to the different kinematic
ranges of the two measurements a direct comparison of the#iLIdCf results is not possible.
The LHCf measurement also shows significant discrepantig®gredictions of the hadronic
interaction models compared to the data.

The measurement of forward photons allows a test of theihgnfragmentation hypothesis,
according to which the production of forward photons in D$Sirisensitive toQ? and z ;.
To investigate this prediction, the ratio of the forward proproduction cross section to the
inclusive DIS cross section is measured as a functioofindzp; (table 2 and figure 6).
Within the uncertainties the fraction of DIS events withviard photons is independent from
@Q* andz p; in agreement with the limiting fragmentation hypothesissiiilar conclusion was
obtained in the earlier H1 analysis of forward neutron piign [7]. The LEPTO and CDM
predictions also included in figure 6 display a significaffitedlence in normalisation compared
to data as well as a slight dependence as a functi6j¥ @ndz s;.

4 Summary

The production of high energy forward photons in the pseaploiity rangey > 7.9 is studied

for the first time at HERA in deep-inelastic positron-proswattering in the kinematic region

6 < Q% < 100 GeV?, 0.05 < y < 0.6. The normalised DIS cross sections are presented for the
production of the most energetic photon as a function of émgikudinal momentum fraction
and transverse momentum in the rarige < z**? < (.7, and as a function of the sum of
longitudinal momentum fractions of all forward photonsietange).1 < z73*™ < 0.95. The
predictions of Monte Carlo models overestimate the ratdotgns. The shapes of the measured
cross sections are well described by the LEPTO MC simulatitnile the colour dipole model
predicts harder spectra ir, andpr. The measurement is also compared to predictions of mod-
els which are commonly used for the simulation of cosmic raglaower cascades. All these
models predict different spectra in, andpr. None of the models can describe the data in rate
and in shape. On average these models overestimate thedigpivaton production cross sec-
tion by 30% to 50%. Within the measured kinematic range, ¢tettive rate of forward photons

in DIS events is observed to be independen®dfindz 5;, in agreement with the hypothesis of

11



limiting fragmentation. The present measurement proviges information to further improve
the understanding of proton fragmentation in collider aosigic ray experiments.
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correlated sys. uncertainty
1 do
leead range ODIS dxlfad Ostat. Ototal sys. || Ouncorrel.sys. | OBpnc OXYrye Omaodel
0.10 = 0.22 0.134 0.001 0.011 0.002 0.001 0.011 0.001
0.22 +0.34 0.0577 0.0005 0.0061 0.0012 0.0029 0.0052 0.0008
0.34 = 0.46 0.0226 0.0003 0.0029 0.0005 0.0018 0.0023 0.0003
0.46 <+ 0.58 0.00764 0.00017 | 0.00123 || 0.00029 0.00061 | 0.00099 | 0.00027
0.58 = 0.70 0.00229 0.00008 | 0.00048 0.00017 0.00025 | 0.00034 | 0.00016
correlated sys. uncertainty
lead Ld—a S 5 ) ) 5 )
pr range oDIS dplfad stat. total sys. uncorrel.sys. Eprnc XYene model
[GeV] [GeV1] [GeV1] | [GeV!] | [GeV!] [GeV1] | [GeV!] | [GeV ]
0.0+0.1 0.159 0.001 0.010 0.003 0.005 0.008 0.001
0.1 +0.2 0.0971 0.0010 0.0116 0.0041 0.0068 0.0078 0.0034
0.2-+0.3 0.0220 0.0005 0.0056 0.0010 0.0024 0.0048 0.0008
0.3+0.4 0.00395 0.00029 | 0.00229 || 0.00025 0.00087 | 0.00209 | 0.00020
correlated sys. uncertainty
1 do
:L‘SLum range oDIS dl'ium 5stat. (5total sYs. 5uncor7’el.sys. 6EFNC 5XYFNC (5model
0.10 = 0.27 0.110 0.001 0.009 0.002 0.001 0.009 0.002
0.27 - 0.44 0.0353 0.0003 0.0038 0.0009 0.0018 0.0032 0.0007
0.44 + 0.61 0.0115 0.00021 | 0.0018 0.0007 0.0009 0.0012 0.0006
0.61 = 0.78 0.00315 0.00011 | 0.00068 0.00032 0.00032 | 0.00041 | 0.00031
0.78 = 0.95 0.000468 | 0.000039 | 0.000172 || 0.000050 0.000140 | 0.000070 | 0.000050

Table 1: Normalised cross sections of forward photon pradoavith » > 7.9 in DIS in the
kinematic regior6 < Q? < 100 GeV? and0.05 < y < 0.6 as a function ofr'c>? andp'ce? of the
most energetic photon in the energy raiige < z'¢*? < 0.7 and as a function$“™. For each
measurement, the statistical, the total systematic, theruslated systematic uncertainties, and
the bin-to-bin correlated systematic uncertainties duthtoFNC absolute energy scale, the
impact position of the FNC and the model dependence of dateatmn are given.
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correlated sys. uncertainty
Y 2
o
prg(Q7)
Q2 raHQE[Ge\/Z] O_DIS(QZ) Ostat. Ototal sYs. 5uncorrel.sys. (SEFNC (SXYFNC Omodel
6.0~ 24.8 0.0276 0.0001 | 0.0020 0.0003 0.0011 | 0.0017 | 0.0001
24.8 ~ 43.6 0.0265 0.0003 | 0.0020 0.0003 0.0011 | 0.0016 | 0.0001
43.6 - 624 0.0265 0.0005 | 0.0020 0.0004 0.0011 | 0.0016 | 0.0001
62.4 + 81.2 0.0261 0.0007 | 0.0020 0.0005 0.0010 | 0.0016 | 0.0001
81.2 +100.0 0.0279 0.0011 | 0.0021 0.0005 0.0011 | 0.0017 | 0.0001
correlated sys. uncertainty
Y
o TR,
DIS( BJ)
xpg; range PSS 68 at. 0 otal sys. 5uncorre .SYS. o o (Smo e
Bj g UDIS(fBj) tat total sy l.sy E XY del
1.00-1074+2.75-1074 0.0273 0.0003 | 0.0020 0.0004 0.0011 | 0.0016 | 0.0001
2.75-107* = 7.69 - 10~* 0.0275 0.0002 | 0.0020 0.0003 0.0011 | 0.0017 | 0.0001
7.69-10"%*+2.98.1073 0.0273 0.0002 | 0.0020 0.0004 0.0011 | 0.0016 | 0.0001
2.98-1073% = 5.75-1073 0.0270 0.0003 | 0.0020 0.0004 0.0011 | 0.0016 | 0.0001
5.75-1073 = 1.58 - 102 0.0276 0.0007 | 0.0021 0.0006 0.0011 | 0.0017 | 0.0001

Table 2: Fraction of DIS events with forward photons in thadkhatic regior6 < Q?* <
100 GeV? and0.05 < y < 0.6 and the pseudorapidity of the photgn> 7.9. For each
measurement, the statistical, the total systematic, theroelated systematic uncertainties, and
the bin-to-bin correlated systematic uncertainties dueheoFNC absolute energy scale, the
impact position of the FNC and the model dependence of dataatmn are given.
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Figure 3: Normalised cross sections of forward photon petida in DIS as a function af

in the regionn > 7.9, 0.1 < zf? < 0.7, 6 < Q? < 100 GeV? and0.05 < y < 0.6. The
data are compared to two predictions of the DJANGOH MontéaGamulation, using LEPTO
and CDM to simulate higher orders. Also shown are models dfdrac interactions, QGSJET,
EPOS and SIBYLL. The lower row shows the ratios of the Montd&aredictions to the data.
The error bars show the total experimental uncertainty,neefias the quadratic sum of the
statistical and systematic uncertainties.
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Figure 4: Normalised cross sections of forward photon petida in DIS as a function gf'c?

in the regionn > 7.9, 0.1 < zf? < 0.7, 6 < Q? < 100 GeV? and0.05 < y < 0.6. The
data are compared to two predictions of the DJANGOH MontéaGamulation, using LEPTO
and CDM to simulate higher orders. Also shown are models dfdrac interactions, QGSJET,
EPOS and SIBYLL. The lower row shows the ratios of the Montd&aredictions to the data.
The error bars show the total experimental uncertainty,neefias the quadratic sum of the

statistical and systematic uncertainties.
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Figure 5: Normalised cross sections of forward photon pectida in DIS as a function af;*™

in the regionp > 7.9, 6 < Q% < 100 GeV? and0.05 < y < 0.6. The data are compared to
two predictions of the DJANGOH Monte Carlo simulation, uslEPTO and CDM to simulate
higher orders. Also shown are models of hadronic interastiQ GSJET, EPOS and SIBYLL.
The lower row shows the ratios of the Monte Carlo predictitmthe data. The error bars show
the total experimental uncertainty, defined as the quadsatn of the statistical and systematic

uncertainties.
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Figure 6: Fraction of DIS events with forward photons with> 7.9 as a function of)? and
xp; in the kinematic regio < Q% < 100 GeV? and0.05 < y < 0.6. The error bars shows
the quadratic sum of the statistical and the uncorrelatstesyatic uncertainties. The shaded
band shows the correlated systematic uncertainties. Tecgation from the LEPTO and CDM
models are also shown.
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