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Abstract

The production of photons at very small angles with respethé proton beam direction
is studied in deep-inelastic positron-proton scatteringlBRA. The data are taken with
the H1 detector in the years 2006 and 2007 and corresponditdegmated luminosity of
126 pb~!. The analysis covers the range of negative four momentunsfeasquared at
the positron verte < Q? < 100 GeV? and inelasticity0.05 < y < 0.6. Cross sections
are measured for the most energetic photon with pseuddapjd> 7.9 as a function
of its transverse momentumi¢®® and longitudinal momentum fraction of the incoming
proton g:lLe“d. In addition, the cross sections are studied as a functialmeoum of the
longitudinal momentum fractiom7*™ of all photons in the pseudorapidity range> 7.9.
The cross sections are normalised to the inclusive dedastine 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 anglek waspect to the proton beam di-
rection (forward direction) in positron-proton collis®rmare important for the understanding
of proton fragmentation. These measurements also prowigertant constraints for the mod-
elling of the high energy air showers and thereby are venyalak for the understanding of high
energy cosmic ray data. The H1 and ZEUS experiments at'theollider HERA have pub-
lished several analyses on the production of forward psotord neutrons which carry a large
fraction of the longitudinal momentum of the incoming pmti-5]. These measurements
probe different mechanisms related to the baryon produatiéorward direction, such as elas-
tic scattering of the proton, diffractive dissociatiompiexchange and string fragmentation. In
particular, these measurements test the hypothesis dffgrfragmentation([6,/7], according
to which, in the high-energy limit, the cross section for iheusive production of particles in
the target fragmentation region is independent of the erdigrojectile energy. This hypothesis
implies, that in deep-inelastic scattering (DIS) forwaattile production cross sections are
independent of the Bjorken-and the virtuality of the exchanged phot6a.

The measurement of the photon production in the forwardcctioe can provide new input
to the understanding of proton fragmentation, and is cometgary to forward baryon mea-
surements. The production of photons arffdnesons in the proton fragmentation region has
been studied imp andpp collisions at SPS and the LHC colliders|[8,9]. The analyses p
sented here is the first measurement of very forward photoBd$ e*p collisions at HERA.
The photons are detected at very small angles b@l@w mrad with respect to proton beam
direction. It relies on the upgraded H1 Forward Neutron @Gadeter (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 luminosity2sfpb~'. During the period corresponding
to the analysis data set HERA collided positrons and prowatisenergies oft, = 27.6 GeV
andE, = 920 GeV, respectively, corresponding to a centre-of-massggret,/s = 319 GeV.

2.1 H1detector

A detailed description of the H1 detector can be found elsze/lil0-15]. Only the detector
components relevant to this analysis are briefly descrileee. iThe origin of the right-handed
H1 coordinate system is the nominglp 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 y= — In (tan g)

and is measured in the lab frame. The polar ang@les).75 mrad correspond to pseudorapidity
rangen > 7.9.



The interaction region is surrounded by a two-layer silistrp detector and two large
concentric drift chambers. Charged particle momenta arasored in the angular range
25° < # < 155°. The tracking system is surrounded by a finely segmentedd.iyigon (LAr)
calorimeter, which covers the polar angle rangelok 6 < 154° with full azimuthal accep-
tance. The LAr calorimeter consists of an electromagnetatien with lead absorber and a
hadronic section with steel absorber. The total depth oL#ecalorimeter ranges from.5
to 8 hadronic interaction lengths. The backward regiofB{ < 0 < 177.8°) is covered by a
lead/scintillating-fibre calorimeter (SpaCal). Its maurpose is the detection of the scattered
positron. The energy resolution for positronsri&)/E ~ 7.1%/+/FE[GeV] & 1%, as deter-
mined in test beam measurements [14]. The LAr and SpaCaliwedters are surrounded by
a superconducting solenoid which provides a uniform magfietd of 1.16 T along the beam
direction.

The luminosity is measured via the Bethe-Heitler Brem&étireg procesgp — ¢'py, the
final state photon being detected in a tungsten/quartzgdoreling calorimeter at= —103 m.

The data sample of this analysis was collected using trgygdrich require the scattered
positron to be measured in the SpaCal. The trigger efficiemh@boutd6% for the analysis
phase space as determined from data using independegygited 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 areassthe geometrical acceptance
window defined by the beam-line elements. The area correlspgton > 7.9 is indicated by
dashed circle.

2.2 Detection of forward neutral particles

Neutral particles produced at very small polar angles cadebected in the FNC calorimeter,
which is situated at a polar angle @f, atz = +106 m from the interaction point. A schematic
view of the H1 FNC used during the HERA-II running period i®am in figure_1la. A detailed

description of the detector is given in [5]. The FNC consadtghe Main Calorimeter and the
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Preshower Calorimeter. The Main Calorimeter is a leadtdlaitor sandwich calorimeter with
a total length of8.9 nuclear interaction lengths. The Preshower Calorimetar4i& cm long
lead-scintillator sandwich calorimeter. The length cep@nds to abouiO radiation lengths.
The Preshower Calorimeter is compose@oplanes: 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 bt mm thickness and a scintillator plate @ mm thickness.
The transverse size of the scintillating plateQ6sx 26 cm?. Each scintillating plate has
grooves with1.2 mm wavelength shifter fibres attached down one side. Thetatien of
fibres alternates from horizontal to vertical in conseaiplanes. For each plane, the fibres are
bundled into nine strips of five fibres each. Longitudinadlystrips are combined leading %0
vertical andd horizontal towers which are finally connecteditphotomultipliers.

The acceptance of the FNC is defined by the aperture of the HER#-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 figliréogjether 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®fattt that electromagnetic showers
are fully contained in the Preshower Calorimeter with norgyneeposits above the noise level
in the Main Calorimeter. For high energy neutrons most oféhergy is contained in the
Main Calorimeter. However, low energy neutrons deposgddractions of their energy in the
Preshower Calorimeter. The fraction of neutrons which aamlsidentified as photons is about
10% for 90 GeV neutrons decreasing to beldit for neutrons with an energy @0 GeV,
as determined from the Monte Carlo (MC) simulation. The gyeleposits in the FNC which
are contained in the Preshower Calorimeter are classifiedeatromagnetic clusters and are
considered as photon candidates. The detection and reectnst efficiency for photons in the
measured angular range< 0.75 mrad, as estimated from MC simulation, is ab8u¥, for
100 GeV photons increasing % for photons with energies &0 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\DE® stability of
calibration constants was monitored using interactions/éen the proton beam and residual
gas in the beam pipe, as describedlin [5]. Refined calibratomstants for electromagnetic
showers are determined using an iterative procedure bastb@ @assumption that the maximum
photon energyE™**, as measured in the Preshower Calorimeter, is expectedequze to the
proton beam energy in case of unlimited statistics. Thigcation procedure also utilises data
from HERA runs with reduced proton beam energiedGif GeV and>75 GeV. The validity of
this algorithm is tested with MC simulation.

The measured photon energy spectra for the three proton beargies are displayed in
figure[2a. The correlation between the beam energy and themaaxphoton energy:’"** as
determined by the iterative procedure and after applyiegctidibration is shown in figuii@ 2b.
Using this calibration procedure, the linearity of the gyeresponse and the absolute energy
scale are verified to a precision &f.
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Figure 2. (a) The measured photon energy spectra for thigerpbeam energies. (b) The
correlation between the proton beam energy Affd”.

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

2.3 Kinematics and event selection

The kinematic variables used to describe high energy DEaetions are the exchanged photon
virtuality Q?, the inelasticityy and the Bjorken scaling variablg;;. They are defined as
QQ

2——2 . = =
Q_ q , xB] 2p.qa Y

i)
L)

(1)

i
N

wherep, k andq are the four-momenta of the incident proton, the incidersitpan 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 witkrzergyE! > 11 GeV and a polar
anglel56° < 0! < 175°. Thez coordinate of the primary event vertex is required to be with
+35 cm of the nominal position of the interaction point. The laadc final state is reconstructed
using an energy flow algorithm which combines charged gegimeasured in the tracker with
information from the SpaCal and LAr calorimetersl[17,18).slippress events with hard initial
state radiation, as well as events originating from nop4nteractions, the quantity’ £ — p,,
summed over all reconstructed final state particles inolydhe 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 bestthie electron beam energy for fully
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contained events. In addition, events are restricted taitlematic rangé < Q? < 100 GeV?
and0.05 < y < 0.6. These variables are reconstructed using a technique vapitimises
the resolution throughout the measurednge, exploiting information from both the scattered
positron and the hadronic final state [16]. The data sampteeDIS events contains about
9.2 million events.

Events containing forward photons are selected by requaimelectromagnetic 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, and £, are the proton beam
and forward photon energy, respectively. The data sampitacs78740 events.

In this analysis normalised differential cross sectioressraeasured for the most energetic
forward photon (leading photon) with pseudorapidijty- 7.9 as a function of its longitudinal
momentum fraction}** and transverse momentysi®, in the range.1 < z'c*? < 0.7. Cross
sections are also measured as a function of the sum of laliggumomentum fractions of all
forward photons withy > 7.9, z5“™ = %"z, in the rangd).1 < z5*™ < 0.95. These cross
sections are given as the fraction of DIS events having fadvpdoton in thep—z;, regions
given above. Finally, the ratio of the forward photon prattut cross section to the inclusive
DIS cross section is presented as a functio@btndz s;.

2.4 Monte Carlo simulations and correctionsto the data

Monte Carlo simulations are used to correct the data for ffleets of detector acceptance, in-
efficiencies, migrations between measurement bins dueite fietector resolution and QED
radiation from the positron. All generated events are phgseugh a GEANT3 [19] based sim-
ulation of the H1 apparatus and are then processed usinguine ieconstruction and analysis
chain as is used for the data.

The DJANGOH [20] program is used to generates inclusive Diéhtes. It is based on
leading order electroweak cross sections and takes intuat®CD effects up to order,.
Higher order QCD effects are simulated using leading loggmashowers as implemented in
LEPTO [21], or using the Colour Dipole Model (CDM) as implembed in ARIADNE [22].
Subsequent hadronisation effects are modelled using thd ktring fragmentation model as
implemented in JETSET [23, 24]. Higher order electrowealcpsses are simulated using an
interface to HERACLES([25]. The LEPTO program includes timawation of soft colour
interactions (SCI).[26], in which the production of difftaan-like configurations is enhanced
via non-perturbative colour rearrangements between ttgomg partons. In the measured
range, omitting the SCI in the LEPTO would decrease the ptediyield of forward photons
by 5% at lowest::;, and2% at highest:;,. The simulation with CDM uses the parameters tuned
to describe H1 forward jet measurements [27]. The DJANGOHsdwWaulations are calculated
using the H1PDF 2009 parameterisation| [28] 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 predictionsvefa hadronic interac-
tion models which are commonly used for the simulation ofntigsray air shower cascades:
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EPOS[29], QGSJET 01[30,B1], QGSJETIII[32,33] and SIBYLHK [35]. These phenomeno-
logical models, based on general principles such as uyitanid analyticity of scattering am-
plitudes, are combined with perturbative QCD predictiomsHighs; processes to obtain a
description of the final state. The programs are interfacidd the PHOJET program [36] for
the simulation ok *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 mreddistributions may contain
background arising from several sources. The backgrowrd fshotoproduction processes,
where the positron is scattered into the backward beamdgigea particle from the hadronic
final state fakes the positron signature in the SpaCal, isiattd using the PHOJET MC gen-
erator and found to be negligible. The selected sample matagobackground from neu-
trons reconstructed as electromagnetic clusters as egplabove. 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 forwaadtiples in adjacent bunch-
crossings. It is found to be smaller tha%. The background contributions are not subtracted
from themeasured cross sections.

Two or more particles entering the FNC are reconstructed siagde cluster due to the
relatively large size of the FNC readout modules in comlomatvith a small geometrical ac-
ceptance window. According to the MC simulation, low enégelusters reconstructed in the
FNC mainly originate from single photons. The contributicom two photons increases almost
linearly from10% at aboutd50 GeV to80% at 900 GeV (the contribution from three and more
photons is below %). Therefore, the measurement of the cross section of spigleon pro-
duction is limited tor;, < 0.7, while the measurement of the total forward photon produncti
cross section is extended to larger.

Factors determined from MC are used to correct distribgterthe level of reconstructed
particles back to the hadron level on a bin-by-bin basis.s€hmrrection factors include the
effects of QED radiation from the positron. For the caldolatof the correction factors the
simulations are reweighted to describe thedistributions of the data. The average of the
correction factors determined from LEPTO and CDM is useck Jike of the correction factors
varies betweer? and 3.5 for ze?, between3 and4 for z5“™, between2.5 and 12 for pled
and are abous.2 for the @* andz; distributions. They are dominated by the non-uniform
azimuthal acceptance of the FNC, which is ab&uft, on average. The bin purities, defined
as the fraction of events reconstructed in a particular e driginate from that bin on hadron
level, vary betwee5% and95%.

2.5 Systematic uncertainties
The systematic uncertainties on the cross section measuatsmare determined using MC sim-
ulations, by propagating the corresponding uncertaintycas through the full analysis chain.

As the cross sections are normalised to the inclusive DISscsection measured in this ana-
lysis, some important systematic uncertainties, suchesitiger efficiency, the luminosity and

9



the uncertainties related to the reconstruction of theteseat positron and of the hadronic final
state are largely reduced or cancel. Uncertainties on tleesumements 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 Rrtova precision o6% as
described in sectidn 2.2. This leads to an uncertainty/©bn the cross section measurement at
low energies, increasing 85% for the largest:;, 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 bé& mm. This re-
sults in uncertainties on the FNC acceptance determinafiop to15% for thex;, distributions
and up ta60% for theplca? distribution. These effects are strongly correlated betweaeasure-
ment bins. For thé)? andxz z; measurements, these effects lead to normalisation uingred
approximatelyr%.

The systematic uncertainty arising from the model depecelefthe data correction is taken
as the difference of the corrections calculated using tHeTl®and CDM models. The resulting
uncertainty on the cross-section increases fi¢fnto 6% for the z'c*¢ andpl*? distributions,
from 2% to 20% for the 5™ distribution, and from.% to 2% for the Q* andz 5; 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 lagdduas the quadratic sum
of all contributions, which may vary from point to point. Thatal systematic error for the
normalised cross section measurements ranges besfieand18% for x'¢*¢, 6% and58% for
pieed, 8% and44% for z§“™ and7% and8% for Q? andz ;.

3 Results

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 figuréls| 3-5. The measurementsesented
in figures[3 and4 as a function af®* and p'¢*? of the most energetic photon withl <
zlead < (0.7. The results as a function of the sum of longitudinal momenfractionsz“™ of
all photons withy > 7.9 are presented in figufe 5.

The data are compared with the predictions of models fousieé DIS (LEPTO and CDM)
and models of hadronic interactions (EPOS, SIBYLL and twsiass of QGSJET). The ratios
of MC model predictions to the measurements are shown depara

All models tested in this paper overestimate the total raferavard photons. The LEPTO
and CDM models predict abo@®% more photons than measured, while EPOS, SIBYLL and
QGSJET overestimate the rate of photons by al36Ut to 50%. In contrast to the excess of
photons in the CDM, the same model predicts a too low raterafdad neutrons as observed in
previous H1 analysis of forward neutron production [5].
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The shapes of all measured distributions are well deschlgddEPTO. The CDM predicts
harderz; andpr spectra. The QGSJET model predicts slightly softer spattrg andpy. The
EPOS and SIBYLL models predict hardex spectra, but describe reasonably the shapg-of
distribution.

A measurement of the energy spectra of single photons pealcatg > 8.8 in pp collisions
at 7 TeV centre-of-mass energy at the LHC has been recently texpbry the LHCf Collab-
oration [9]. This measurement also shows significant dgsmeies with the predictions from
hadronic interaction models. However, a direct comparigathe H1 and LHCf results is not
possible due to the different kinematic ranges of the twosueaments.

The measurement of forward photons allows a test of theihgpftagmentation hypothesis,
according to which the production of forward photons in D$Srisensitive taQ? and z ;.
To investigate this prediction, the ratio of the forward froproduction cross section to the
inclusive DIS cross section is measured as a functio@oandz; (table2 and figurél6).
Within the uncertainties the fraction of DIS events withviard photons is independent from
@Q* andz 5; in agreement with the limiting fragmentation hypothesissiwilar conclusion was
obtained in the earlier H1 analysis of forward neutron padidun [5]. The LEPTO and CDM
predictions also included in figuré 6 display a significaffiedence in normalisation compared
to data as well as a slight dependence as a functig)t @ndz s;.

4 Summary

The production of high energy forward photons in the pseapidity range; > 7.9 is studied

for the first time at HERA in deep-inelastic positron-prosmattering 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 functioh@tdngitudinal momentum frac-
tion and transverse momentum in the rafige < z/**¢ < 0.7, and as a function of the sum
of longitudinal momentum fractions of all forward photomsthe range).1 < z7*™ < 0.95.
Predictions of Monte Carlo models overestimate the ratehotgns. The shapes of the mea-
sured cross sections are well described by the LEPTO MC atioal while the colour dipole
model predicts harder spectraip andp;. The measurement is also compared to predictions
of models which are commonly used for the simulation of casray air shower cascades. All
these models predict different spectrarinandp;. None of the models can describe data in
rate and in shape. Within the measured kinematic rangegtagve rate of forward photons in
DIS events is observed to be independenf)éfandz;, in agreement with the hypothesis of
limiting fragmentation. The present measurement provndssinformation to further improve
the understanding of proton fragmentation in collider aoshgic ray experiments.
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correlated sys. uncertainty
ca 1 do
le d range oDIS d!L'lfad dstat. Ototal sys. 6uncor7‘el.sys. 6EFNC 6XYFN(; Omodel
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
1 do
pljgad range %W 6stat. 6t0tal sYs. 6uncor7‘el.sys. 6EFNC 6XYFN(; 6model
[GeV] [Gev~!] | [GeVv!] | [Gev!] || [GeV ] [GeV~!] | [GeV!] | [GeVv!]
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+-04 0.00395 0.00029 0.00229 0.00025 0.00087 | 0.00209 0.00020
correlated sys. uncertainty
1 do
ZEiUm range %W Ostat. Ototal sys. 6uncor7‘el.sys. 6EFNC 6XYFN(; Omodel
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: The normalised cross sections for the productidarefard photons in the pseudora-
pidity rangen > 7.9 in deep-inelastic scattering in the kinematic regioa Q*? < 100 Ge\?
and0.05 < y < 0.6 as a function of the longitudinal momentum fractigff'’ and transverse
momentunp!® of the most energetic photon in the energy rafde< z/*? < (.7 and as a
function of the sum of the longitudinal momentum fractiorfigobotonsz3“™. For each mea-
surement, the statistical, the total systematic, the urladed systematic uncertainties, and the
bin-to-bin correlated systematic uncertainties due tdRIN€ absolute energy scale, the impact
position of the FNC and the model dependence of data caoreatie given.
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correlated sys. uncertainty
Y 2
oprs(@7)
Q2 range[GeVZ] O.DIS(QQ) 5stat. 5total sYS. 5uncorrel.sys. 5EFNC 5XYFNC 5model
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 - 62.4 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
brs(@Bj)
g X
DIS\"B
zpj; range #@B;) dstat. dtotal sys. 5uncorrel.sys. )5 oxy Omodel
1.00-107% +2.75-107* 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
7.69-107% +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 - 1072 0.0276 0.0007 | 0.0021 0.0006 0.0011 | 0.0017 | 0.0001

Table 2: The fraction of DIS events with forward photons ia Rinematic regios < 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 duthéoFNC absolute energy scale, the
impact position of the FNC and the model dependence of datactmn are given.

15



Forward Photons Forward Photons

ge] r ko]
R — H1 §_ H1
[ ]
ﬁ 10t — ﬁ 10
o) ¢ —— o)
© ©
% L %
o, | a .|
L 10°F e HiData ¢ D 10°: o H1Data S T
— | —Lepto | — sBYLL21
. —-CDM ¢ — EPOS 1.99 o e
10° 103 =-ee- QGSJET 11-03
. - —— QGSJET 01
| | L | | | |
0.1 0.3 0.5 0.7 0.1 0.3 0.5 0.7
Xlliead Xlliead
Forward Photons Forward Photons
o 6r o 6
T e H1 Data H1 T e HI1 Data H1
Qs - — Lepto r== [ - SIBYLL 2.1
Q [ —-cbm | Q | . EPOS1.99
2 4 — I 2 4 —
i | T QGSJET 11-03
r——-— I
sk | sk QGSJET 01
: 1
2 ——
1[- e ¢ ¢ ¢ ¢
ot | | | ot | | |
0.1 0.3 0.5 0.7 0.1 0.3 0.5 0.7
XILead XILead

Figure 3: The normalised cross sections for the productidarward photons in the pseudo-
rapidity range; > 7.9 in deep-inelastic scattering in the kinematic region Q? < 100 Ge\?
and0.05 < y < 0.6 as a function of the longitudinal momentum fractigf¢ of the leading
photon in the rang@.1 < z!**¢ < 0.7. The data are compared to two predictions of the DJAN-
GOH Monte Carlo simulation, using LEPTO and CDM to simulatghler orders. Also shown
are models of hadronic interactions, QGSJET, EPOS and SIBYhe lower row shows the
ratios of the Monte Carlo predictions to the data. The erevsltshow the total experimental
uncertainty, defined as the quadratic sum of the statisgiwélsystematic uncertainties.
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Figure 4. The normalised cross sections for the productidarward photons in the pseudo-
rapidity range; > 7.9 in deep-inelastic scattering in the kinematic region Q? < 100 Ge\?
and0.05 < y < 0.6 as a function of the transverse momentgiffi’ of the leading photon in
the energy rang8.1 < 2/ < 0.7. The data are compared to two predictions of the DJAN-
GOH Monte Carlo simulation, using LEPTO and CDM to simulatghler orders. Also shown
are models of hadronic interactions, QGSJET, EPOS and SIBYhe lower row shows the
ratios of the Monte Carlo predictions to the data. The erevsltshow the total experimental
uncertainty, defined as the quadratic sum of the statisgiwélsystematic uncertainties.
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Figure 5. The normalised cross sections for the productidarward photons in the pseudo-
rapidity range; > 7.9 in deep-inelastic scattering in the kinematic region Q? < 100 Ge\?
and0.05 < y < 0.6 as a function of the sum of the longitudinal momentum fraxtiof pho-
tonsz$"™. The data are compared to two predictions of the DJANGOH kl@atrlo simulation,
using LEPTO and CDM to simulate higher orders. Also shownnaoelels of hadronic inter-
actions, QGSJET, EPOS and SIBYLL. The lower row shows thiegaif the Monte Carlo
predictions to the data. The error bars show the total ewpgarial uncertainty, defined as the
quadratic sum of the statistical and systematic uncerngsint
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Figure 6: The fraction of DIS events with forward photonshe kinematic regiois < Q? <
100 GeV? and0.05 < y < 0.6 and the pseudorapidity of the photgrn> 7.9 as a function of
Q? andxp;. The inner error bars shows the quadratic sum of the statisind the uncorre-
lated systematic uncertainties. Shaded band shows thelatet systematic uncertainties. The
expectation from the LEPTO and CDM models are also shown.
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