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Abstract

Measurements of normalised cross sections for the production of phatahseutrons at
very small angles with respect to the proton beam direction in deep-inetasticattering
at HERA are presented as a function of the Feynman varigblkend of the centre-of-mass
energy of the virtual photon-proton systdii. The data are taken with the H1 detector
in the years 2006 and 2007 and correspond to an integrated luminodisy @b . The
measurement is restricted to photons and neutrons in the pseudorapidjgmran 7.9
and covers the range of negative four momentum transfer squared pb$itron vertex
6 < Q% < 100 GeV?, of inelasticity0.05 < y < 0.6 and of 70 < W < 245 GeV. To
test the Feynman scaling hypothesis Wiedependence of ther dependent cross sections
is investigated. Predictions of deep-inelastic scattering models and of modaksdronic
interactions of high energy cosmic rays are compared to the measursdeai®ns.
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1 Introduction

Measurements of particle production at very small polalesgith respect to the proton beam
direction (forward direction) in positron-proton coll@is are important inputs for the theo-
retical understanding of proton fragmentation mechanidfosvard particle measurements are
also valuable for high energy cosmic ray experiments, aspgha/ide important new constraints

for high energy air shower models [1, 2].

The H1 and ZEUS experiments at the collider HERA have studied the production of
forward baryons (protons and neutrons) and photons, whacty @ large fraction of the lon-
gitudinal momentum of the incoming proton [3—-8]. These gsa$ have demonstrated that
models of deep-inelastic scattering (DIS) are able to @yce the forward baryon measure-
ments if contributions from different production mechanssare considered, such as string
fragmentation, pion exchange, diffractive dissociatiod alastic scattering of the proton [6, 7].
The forward photon production rate, however, is overesta®y the models b0 to 70% [8].
The measurements also confirm the hypothesis of limitingnfr@ntation [9, 10], according to
which, in the high-energy limit, the cross section for thelusive production of particles in the
target fragmentation region is independent of the incigeofectile energy.

Measurements in the DIS regime provide a possibility to stigate the process at differ-
ent centre-of-mass (CM) energies of the virtual photonguratystem )V, within the same
experiment. The studies of the energy dependence of magrdduction allow a test of the
Feynman scaling [11] hypothesis, according to which plrficoduction is expected to show
a scaling behaviour, i.e. independence of the CM energy mgaf the Feynman-variable,
Tp = Qp‘*‘/W. Herepy, is the longitudinal momentum of the particle in the virtuhbpon-proton
CM frame with respect to the direction of the beam proton. kesa previous measurements
Feynman scaling was found to be violated in the fragmemgirocess in the central rapidity
region [12—-21]. On the contrary, no sizable violation of Reyan scaling has been observed in
the target fragmentation region jip andpp collisions by comparing the® production cross
sections at the SPS collider [22] witht measurements at the ISR [23—26]. However, these
conclusions are debated [27] and the scarcity of other @xyetal forward particle production
data motivates further studies of forward particle progurct

In this paper the production of forward neutrons and photom3S is studied as a function
of 2zt andW. This is the first direct experimental test of Feynman scgfor photons and
neutrons produced in the very forward direction. Preditdidrom different DIS and different
cosmic ray (CR) hadronic interaction Monte Carlo (MC) modeks @mpared to the results.
The simultaneous measurement of forward neutrons and psprovides a useful input for MC
model development also because of the respective diff@rextuction mechanisms: forward
photons almost exclusively originate from decays of néutr@sons produced in the fragmen-
tation of the proton remnant (Figure 1a), while forward mens are produced also via a colour
singlet exchange process (Figure 1b).

lIn the kinematic range of this measurement the variaklds numerically almost equal to the longitudinal
momentum fractiorr, used in the previous publications [3-8]. Thete, was defined as; = E,, .,/ E,, where
E,, E, andE, are the energies of the proton beam, the forward neutrontentbtward photon in the laboratory
frame, respectively.
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Figure 1. (a) Generic diagram for forward photon or neutrandpctionep — e'v.X,
ep — €¢'nX in deep-inelastic scattering. (b) Diagram of forward neatproduction via pion
exchange.

The neutrons and photons studied here are produced at palasabelow).75 mrad and
are measured in the Forward Neutron Calorimeter (FNC) of thelétéctor. The data used in
this analysis were collected with the H1 detector at HERAmyears 2006 and 2007 and cor-
respond to an integrated luminosity b1 pb~!. During this period HERA collided positrons
and protons with energies @, = 27.6 GeV andE,, = 920 GeV, respectively, corresponding
to a centre-of-mass energy ofs = 319 GeV.

2 Experimental Procedure and Data Analysis

2.1 H1 main detector

A detailed description of the H1 detector can be found else&li28—33]. Only the detector
components relevant to this analysis are briefly descrilaed.hThe origin of the right-handed
H1 coordinate system is the nominalp 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 definedby= — In [tan(6/2)]

and is measured in the laboratory frame.

The interaction region is surrounded by a two-layer silicrp detector and large con-
centric drift chambers, operated insidd a6 T solenoidal magnetic field. Charged particle
momenta are measured in the angular ratige< 6 < 165°. The forward tracking detector is
used to supplement track reconstruction in the re@ior 6 < 30° and improves the hadronic
final state reconstruction of forward going low momentumtighes. The tracking system is
surrounded by a finely segmented liquid argon (LAr) calotEnenhich covers the polar angle



range4° < 6 < 154° with full azimuthal acceptance. The LAr calorimeter cotsisf an elec-
tromagnetic section with lead absorber and a hadronicasestith steel absorber. The total
depth of the LAr calorimeter ranges from5 to 8 hadronic interaction lengths. The abso-
lute electromagnetic energy scale is known with a precisforVs, while the absolute hadronic
energy scale is known for the present data with a precisiaryof

The backward regionl$3° < 6 < 177.8°) is covered by a lead/scintillating-fibre calorime-
ter called the SpaCal; its main purpose is the detection dfesea positrons. The polar angle
of the positron is measured with a precisionlainrad. The energy resolution for positrons is
o(E)/E ~ 71%/+/E|GeV] & 1% [34] and the energy scale uncertainty is less th#n The
hadronic energy scale in the SpaCal is known with a precisiatyo

The luminosity is determined from the rate of the elastic QE@mpton process with the
electron and the photon detected in the SpaCal calorimetethe rate of DIS events measured
in the SpaCal calorimeter [35].

2.2 Forward detector for neutral particles

Neutral particles produced at very small polar angles wapect to the proton beam direction
can be detected in the FNC, which is situated at a polar angfeaifl06 m from the interaction
point. A detailed description of the detector is given indJ/, The FNC is a lead—scintillator
sandwich calorimeter. It consists of two longitudinal s&ts: the Preshower Calorimeter with
a length corresponding to aboéi radiation lengths oi.6\ and the Main Calorimeter with

a total length of8.9\. The acceptance of the FNC is defined by the aperture of theAHER
beam-line magnets and is limited to scattering angles<ai.8 mrad with approximately0%
azimuthal coverage.

The longitudinal segmentation of the FNC allows an efficidiscrimination of photons
from neutrons. Photons are absorbed completely in the BrnestCalorimeter, while neutrons
have a significant fraction of their energy deposited in tr@rMCalorimeter. Therefore, energy
deposits in the FNC, which are contained in the Preshower Gater with no energy de-
posits above the noise level in the Main Calorimeter, aresfiad as electromagnetic clusters.
According to the Monte Carlo simulation abd&% of all reconstructed photon and neutron
candidates originate from generated photons and neutresigectively. Due to the relatively
large size of the FNC readout modules in combination withsitimall geometrical acceptance
window, two or more particles entering the FNC are recoms$éd as a single cluster. In the MC
simulation about % of all hadronic clusters in the FNC associated with neuteoeoverlapped
with a photon, which was scattered within the FNC acceptangether with the neutron. At
lower energies the electromagnetic clusters reconstiuctehe FNC mainly originate from
single photons. At higher measured energies there is afisigmi contribution from two pho-
tons, with the fraction of two-photon events increasingrfri@5% at 100 GeV to10% at about
450 GeV and to80% at 900 GeV. The two photons typically originate from the decay o th
same meson.

The absolute electromagnetic and hadronic energy scakbe &fNC are known t6% [8]
and2% [7] precision, respectively. The energy resolution of tiéd~calorimeter for electro-
magnetic showers is(E)/E ~ 20%/+/E [GeV] @ 2% and for hadronic showers(E)/E ~
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63%/+/E [GeV] @& 3%, as determined in test beam measurements [36]. The spagiltion
iso(z,y) ~ 10cm/+/E [GeV] @ 0.6 cm for hadronic showers starting in the Main Calorimeter.
A better spatial resolution of abo@tmm is achieved for the electromagnetic showers and for
those hadronic showers which start in the Preshower Calteime

2.3 Cross Section Definition

The kinematics of semi-inclusive forward photon and neaufpooduction are shown in Fig-
ure 1a, where the four-vectors of the incoming and outgoiadigies and of the exchanged
virtual photon~* are indicated. This measurement is restricted to the DISrkatic range,
determined by the photon virtualify< Q? < 100 GeV? and inelasticity).05 < y < 0.6. They
are defined as

Q*=—-¢*, y=21 (1)
p-k
wherep, k andq are the four-momenta of the incident proton, the inciderditpon and the
virtual photon, respectively. The CM energy of the virtuabpdn-proton systemy/, is related
to Q? andy asW ~ /ys — (Q2, wheres is the squared total CM energy of the positron-proton
system. The present analysis is restricted to the rafige W < 245 GeV.

The analysis is performed in the pseudorapidity range 7.9 for forward neutrons and
photons. The pseudorapidity range> 7.9 corresponds to polar anglés< 0.75 mrad. In the
virtual photon-proton CM frame the neutron transverse mduoren’. and the neutron » are
restricted to the range < p} < 0.6 GeV and0.1 < zp < 0.94, respectively. For the forward
photons measuremepit andz  are defined for the most energetic photon in the pseudotgpidi
rangen > 7.9 and are restricted to the range< pi; < 0.4 GeV and0.1 < zp < 0.7.

The requirement that is below 0.7 for photons ensures that the electromagnetic clusters
reconstructed in the FNC mainly originate from single pimstcaccording to MC predictions.

The kinematic phase space of the measurements is summiaritaale 1. Cross sections of
neutrons and photons produced in the forward directiomnadised to the inclusive DIS cross
section,l /op;s do/dxr, are determined differentially imx in three ranges ofi’. In addition,
the cross section ratios integrated oxer, o}57s/0oprs, are measured as a functionlof.

2.4 Event selection

The data selection and analysis procedures are similarogetdescribed in previous publi-
cations using the FNC [7, 8]. The data sample of this anaklysis collected using triggers
which require the scattered positron to be measured in tl8p The trigger efficiency is
about 96% for the analysis phase space as determined frarudeity an independently trig-
gered data sample. The selection of DIS events is based adehéfication of the scattered
positron as the most energetic, isolated compact caloricrggposit in the SpaCal with an en-
ergy £, > 11 GeV and a polar anglé56° < ¢, < 175°. Thez-coordinate of the primary event
vertex is required to be withig:35 cm of the nominal interaction point. The hadronic final state
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NC DIS Selection
6 < Q? < 100 GeV?
0.0 <y <0.6
70 < W < 245 GeV

Forward photons | Forward neutrons

n>79 n>"79
0.1 <zp<0.7 0.1 <zp <094
0<pr<04GeV|0<p;<0.6GeV
W ranges for cross sectiong—1— 4=
oprs dzr
70 < W < 130 GeV
130 < W < 190 GeV

190 < W < 245 GeV

Table 1: Definition of the kinematic phase space of the measents.

is reconstructed using an energy flow algorithm which combicharged particles measured in
the trackers with information from the SpaCal and LAr calaters [37,38]. To suppress events
with hard initial state QED radiation, as well as eventsioagjng from nonep interactions, the
quantity> ~ E — p., summed over all reconstructed particles including thetpws is required
to lie betweers5 GeV and70 GeV. This cut also efficiently removes events from photoproduc-
tion processes, where the positron is scattered into theAzad beam-pipe and a particle from
the hadronic final state fakes the positron signature in f@C8l. The kinematic variabl&$?
andy are reconstructed using a technique which optimises tledutasn throughout the mea-
suredy range, exploiting information from both the scattered posi and the hadronic final
state [39]. Events are restricted to the rafige Q> < 100 GeV? and0.05 < y < 0.6. The DIS
data sample contains about 9.3 million events.

A subsample of events containing forward photons or nesti®selected by requiring either
an electromagnetic or a hadronic cluster in the FNC with aigsepidity abover.9 and an
energy abov@2 GeV. The data sample, called ‘FNC sample’ in the following, eams about
83, 000 events with photons ar2z0, 000 events with neutrons.

2.5 Monte Carlo simulations and corrections to the data

Monte Carlo simulations are used to correct the data for thectsf of detector acceptance,
inefficiencies, QED radiation from the positron and migyat between measurement bins due
to the finite detector resolution. All generated events asspd through a GEANT3 [40] based
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simulation of the H1 apparatus and are subject to the samestaction and analysis chain as
the data.

The DJANGOH [41] program is used to generate inclusive Diéhew. It is based on lead-
ing order electroweak cross sections and takes into ac€Ubt effects up to order,. Higher
order QCD effects are simulated using leading log parton si®ws implemented in LEPTO
[42], or using the Colour Dipole Model (CDM) as implemented iRIADNE [43]. Subsequent
hadronisation effects are modelled using the Lund striagrfrentation model as implemented
in JETSET [44, 45]. Higher order electroweak processes ianalated using an interface to
HERACLES [46]. The LEPTO program optionally includes the siation of soft colour in-
teractions (SCI) [47], in which the production of diffraatidike configurations is enhanced
via non-perturbative colour rearrangements between tigommg partons. The SCI option in
LEPTO is used for the simulation of forward photons. For thtANGOH MC simulations
the H1PDF 2009 parameterisation [48] of the parton distidms in the proton is used. In the
following, the DJANGOH predictions based on LEPTO and ARMBPare denoted as LEPTO
and CDM, respectively. In all DJANGOH simulations forwardtpaes originate exclusively
from the hadronisation of the proton remnant and forwardtph® are therefore mainly pro-
duced from the decay af’ mesons.

RAPGAP [49] is a general purpose event generator for ineduand diffractiveep inter-
actions. Higher order QCD effects are simulated using pastoowers and the final state
hadrons are obtained via the Lund string model. As in DJANG@gher order electroweak
processes are simulated using an interface to HERACLES [46he version denoted below
as RAPGAP=#, the program simulates exclusively the scattering of wirter real photons off
an exchanged pion (Figure 1b). In this model the cross sefdiaep scattering to the final state
nX takes the form

do(ep — €nX) = for)p(zp,t) - do(en™ — €' X). 2

Herez,, is the longitudinal momentum fraction amds the squared four-momentum transfer
between the incident proton and the final state neutfon;,(x;,t) represents the pion flux
associated with the splitting of a proton intardn system andlo(er™ — ¢'X) is the cross
section of the positron-pion interaction. There are sdvyemgameterisations of the pion flux
[50-54] and the one used here is taken from [51]. The detatlseopion flux parameterisation
are described in [7]. Using other parameterisations of tha flux affects mainly the absolute
normalisation by up t80 %.

As was shown in [7], the best description of the forward neuttata is achieved by a com-
bination of events with neutrons originating from pion eange, as simulated by RAPGAP-
7, and events with neutrons from proton remnant fragmemntatsimulated by DJANGOH.
RAPGAP+4 mainly contributes at high neutron energies, while DJANGI®Eignificant at low
energies. In [7] the contributions of RAPGAPand CDM were added using weighting factors
0.65 and 1.2 for the respective predictions. In the present analysisthst description of the
neutron energy distribution is obtained by the combinabbRAPGAP-s and CDM using the
respective weight8.6 and1.4, or by the combination of RAPGAR-and LEPTO using the re-
spective weight6.6 and0.7. The difference between the weighting factors for the caration
of RAPGAP<r and CDM in this analysis and in [7] is due to the different neatenergy range
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and the resulting different neutron energy dependencesitvib analyses. Compared to [7] the
current analysis is extended to much lower neutron energteghich the contribution from the
fragmentation model dominates.

The measurements are also compared to predictions of $&aeh@nic interaction models
which are commonly used for the simulation of cosmic ray laovger cascades: EPOS LHC [55,
56], QGSJET 01 [57,58], QGSJET II-04 [59,60] and SIBYLL 261.[]62]. These models are
based on Regge theory [63], on the Reggeon calculus of Gfdaand on perturbative QCD.
They use an unitarisation procedure to reconstruct anga#lfor exclusive processes and to
determine the total and elastic cross sections. Centralegienof these models are the produc-
tion of mini-jets and the formation of colour strings thaadment into hadrons. Whereas the
Regge-Gribov approximation is applied to hadrons as interg objects in the case of QGSJET
and SIBYLL, it is extended to include partonic constitueint&£POS LHC. Compared to the
earlier EPOS simulation [55], which was used for comparigith the previous H1 forward
photon analysis [8], the new EPOS LHC model [56] includes aifrexd treatment of central
diffraction and the diffractive remnant in order to reproduapidity gap measurements at the
LHC. The CR models also differ in the treatment of saturatidaat$ at high parton densities
at small Bjorkenz and in the treatment of the hadronic remnants in collisiortse programs
are interfaced with the PHOJET program [65] for the generatif theep scattering kine-
matics. It was pointed out [66] that the hadronic interattodels have been developed for
hadron-hadron interactions and therefore the simulatfdd 8 events might be affected by the
superfluous contribution of multi-parton interactions. dirder to investigate this assumption,
the QGSJET 01 model has been modified [67] to exclude the 4paiiton interactions. In the
comparison with the measurements this modified model istédras ‘QGSJET 01 (no mi)'.

The measured distributions may contain background ariioigy several sources. The
background from photoproduction processes is estimateduse PHOJET MC generator.
It is found to be about% on average and is subtracted from the data distributiondihin.
Background from misidentification of photons or neutrongha FNC is estimated from the
DJANGOH MC simulation to b&% on average and is subtracted from the data distributions
bin-by-bin. Background also arises from a random coinaiéesf DIS events, causing activity
in the central detector, with a beam-related backgroundasiop the FNC, produced from the
interaction of another beam proton with a positron or witkideal gas in the beampipe. This
contribution is estimated by combining DIS events with FN&sters originating from interac-
tions in the bunch-crossings adjacent to the bunch-crgssihthe DIS events. It is found to be
smaller thanl % and is neglected.

The MC simulations are used to correct the distributiondatlével of reconstructed par-
ticles back to the hadron level on a bin-by-bin basis. Theemtion factors are determined
from the MC simulations as the ratios of the normalised ceegdions obtained from patrticles
at hadron level without QED radiation to the normalised sraesctions calculated using recon-
structed particles and including QED radiation effects.r #f@ forward photon analysis the
average of the correction factors determined from LEPTO @B is used. For the forward
neutron analysis the correction factors are calculateausie combination of RAPGAR-and
CDM simulations, with the weighting factofs6 and1.4, as described above. The size of the
correction factors varies betweerand3.5 for the forward photon and betweérand6 for the
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forward neutrone distributions, and is abowt.2 for the W distribution in both cases. The
correction factors are large mainly due to the non-uniformathal acceptance of the FNC,
which is abouB0% on average. The bin purity, defined as the fraction of evertsnstructed
in a particular bin that originate from the same bin on hademel, varies between5% and
95%.

2.6 Systematic uncertainties

Several sources of experimental uncertainties are comgldend their effect on the measured
cross section is quantified. The systematic uncertainigb® cross section measurements are
determined using MC simulations, by propagating the cpwading uncertainty through the
full analysis chain.

As the cross sections are normalised to the inclusive DISscegction measured in this
analysis, some important systematic uncertainties, ssithase involving the trigger efficiency
and the integrated luminosity and those related to the goaction of the scattered positron
and the hadronic final state are largely reduced or cance fdllowing sources are considered
for both the DIS sample and the FNC samples:

The uncertainty on the measurements of the scattered @ositrergy {%).

The uncertainty on the measurements of the scattered ositigle { mrad).

The uncertainty on the measurements of the energy of th@hadinal state {%).

The uncertainty on the trigger efficiencyk).

These uncertainties are strongly correlated between tBeabdl the forward photon and neutron
samples. The resulting combined uncertainty of the crostsoseis abou% on average and is
considered as uncorrelated between the measurement.points

Several sources of uncertainties related to the recorigiruof the forward photons and
neutrons in the FNC are considered:

e The acceptance of the FNC calorimeter is defined by the ictierapoint and the geome-
try of the HERA magnets and is determined using MC simulatidine uncertainty of the
impact position of the particle on the FNC, due to beam intlamaand the uncertainty
on the FNC position, is estimated to benm. This results in uncertainties on the FNC
acceptance determination of up1te); for the z - distributions.

e The absolute electromagnetic energy scale of the FNC is krtowa precision of% [8].
This leads to an uncertainty @4 on the forward photon cross section measurement at
low energies, increasing t % for the largestr - values.

e The uncertainty in the neutron detection efficiency an@thiaincertainty on the absolute
hadronic energy scale of the FNC [7] lead to systematic swarthe cross section 8
and up tol0%, respectively.
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These systematic uncertainties related to the FNC aregdyronrrelated between measurement
bins and mainly contribute to the overall normalisation enainty. For the normalised cross
sections studied as a function bf all above-mentioned FNC related systematic uncertainties
contribute to a normalisation uncertainty of approximat&l.

In the procedure of correcting the measurements to the hdevel, using MC simulations,
the following sources of systematic uncertainties are iciansd:

e The systematic uncertainty arising from the radiative ections and the model depen-
dence of the data correction for the forward neutron crossa@eis estimated by varying
the DJANGOH and RAPGAR-scaling factors within values permitted by the data and
by switching between the CDM and LEPTO models within DJANGQOHe resulting
uncertainty on the cross section is typicallyf, increasing t&% at lowest and highest
xr values.

e For the forward photon cross section the systematic unogytdaken as the difference
of the acceptance corrections calculated using the LEPTOCEM models, increases
from 1% at low zr to 7% at higherz .

e The use of different parton distribution functions in the MiGulation results in a negli-
gible change of the correction factors.

e A 2% uncertainty is attributed to the bin-by-bin subtractionbaickground arising from
the wrong identification of photon and neutron candidatethenFNC and from photo-
production processes.

These uncertainties are assumed to be equally shared beteweelated and uncorrelated parts.

The systematic uncertainties shown in the figures and tabdssalculated using the quadratic
sum of all contributions, which may vary from point to poiiithey are significantly larger than
the statistical uncertainties in all measurement bins.tdta¢ systematic uncertainty for the nor-
malised cross section measurements ranges bet®jeeand22% for the x dependent cross
sections and is abo8t/ for the W dependent cross sections.

3 Results

3.1 Normalised cross sections as a function o

The ratios of the forward photon and forward neutron produnctross sections to the inclusive
DIS cross sections};;s/op1s, in the kinematic rangé < Q* < 100 GeV? and0.05 < y < 0.6
and as a function ofl/ are presented in Tables 2 and 3 and are shown in Figure 2. MWithi
uncertainties the measured ratios are consistent witht@ongalues of about.027 (forwards
photons) and.083 (forward neutrons). In other words, within uncertaintibe I/ dependence
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of the cross section is independent of the presence of a f[dmeutron or a forward photon, as
predicted by the limiting fragmentation hypothesis [9,.10]

In Figure 2 the MC model calculations are compared to the oreagents. Both CDM and
LEPTO predict a forward photon rate of abaf; higher than observed. A similar excess was
observed earlier [8]. The photon production rate as a fonatif 17 is rather flat in CDM and
shows a slight increase witl in LEPTO. The shape of thi# distribution is in both models
consistent with the data, within errors.

The rate of forward neutron production predicted by LEPT@assistent with the data,
while CDM predicts a much lower rate. However, as was showrhegrevious measure-
ment [7], the energy distribution of forward neutrons cardescribed by MC simulation only
if this includes contributions both from standard fragnaioin as simulated in DJANGOH, and
from a pion exchange mechanism as explicitly simulated ifrPBAP-<r but not included in
DJANGOH. In Figure 2b the combinations of the RAPGARNd DJANGOH simulations, as
described in section 2.5, are compared to the measurembaatw@&ighting factord .4 for the
CDM, 0.7 for the LEPTO and).6 for the RAPGAP=# predictions are determined by fitting the
observed neutron energy distributions integrated ovefuhdl” range. The cross sections for
inclusive DIS events, used for the normalisation of the imdwneutron cross sectionsy; g, are
taken from the CDM and LEPTO simulations without additionalghts. The model combina-
tion describes the observéd dependence well. It is remarkable that the factors for the CDM
and LEPTO contributions differ by a factor twa.4 and0.7, respectively). It is also notable
that the CDM model, which overestimates the rate of forwarotqhs by about0%, has to be
scaled up in the combination to describe the forward newdeda.

In Figure 3 predictions of various cosmic ray hadronic iattion models (EPOS LHC,
SIBYLL 2.1 and the two versions of QGSJET) are compared toribasured normalised cross
sections as a function d¥/. The CR model predictions show significant differences in ab-
solute values, for both forward photons and forward newgroRor photons all models pre-
dict too high rates by0 to 40%, and these rates, with the exception of EPOS LHC, show a
slight decrease with increasing, not confirmed by data. For forward neutrons all CR predic-
tions show dV independent behaviour, in accordance with the meadsiifetependence. The
QGSJET 01 model predicts a much too high and SIBYLL 2.1 a moohidw neutron rate,
while the EPOS LHC and QGSJET I11-04 models are closer to thessarement.

3.2 Normalised cross sections as a function afr and test of Feynman
scaling

The measured normalised differential cross sectidnsy;s do/dxr, of the most energetic
photon are presented as a functionugfin Table 4 and in Figures 4 and 5 for the kinematic
region defined in Table 1. In order to study the energy deparelef ther - distributions, these
cross sections are measured in thiéentervals.

The normalised differential cross sections as a functionofre similar for the threél”
ranges. As shown in Figure 4 and already seen in the compaoisthe I/ dependence, the
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LEPTO and CDM models predict a rate of forward photons aliot higher than measured.
The shapes of the measured distributions are well desdope&PTO, while the CDM descrip-
tion is very poor by showing a significantly harder spectrinart observed in data. In Figure 5
the predictions of the CR hadronic interaction models arepared to the same measurements.
Large differences between the CR models are observed, bathape and in normalisation.
All models tested here overestimate the forward photon wgtg0% to 40% at low z. The
EPOS LHC model describes the shapes of the phetodistributions well. The SIBYLL 2.1
model predicts a harder dependence, while the spectra obtained from the differeménts of
QGSJET are softer than observed in the data. Forward phoidmeautral pion measurements
at the LHC also revealed differences with respect to a simééection of CR models [68—70].

The normalised differential cross sections for forwardtnens are presented in Table 5 and
in Figures 6 and 7 for the kinematic region defined in Table ke & distributions are well
reproduced by a combination of CDM and RAPGAPusing the weighting factors and nor-
malisation as described in section 3.1. The individual gbuations of the two models are shown
in Figure 6 as well. Fragmentation, as simulated by CDM, dateis the neutron production
at lowerx, while the contribution from pion exchange becomes sigaffiatz > 0.7. The
combination of LEPTO and RAPGAPR-{not shown) also provides a good description of the
measurements for the thrég ranges. In Figure 7 the predictions of the CR hadronic interac
tion models are compared to the forward neutron productrosscsections. The EPOS LHC
model provides a reasonable description of the neutrodlistributions, except at the highest
xr values. The SIBYLL 2.1 model describes the shape ofithepectra but fails in the abso-
lute rate. The QGSJET II-04 model shows a hardedependence, and QGSJET 01 predicts a
much too high neutron rate.

A modified version of the QGSJET 01 model, denoted 'QGSJETOI{i)’ [67], in which
the contribution of multi-parton interactions is excludsée section 2.5), is also compared to
the measurements. When multi-parton interactions are Bedgtoff, the predicted  spectra
become harder without improving the data description.

The W dependence of they distributions allows a test of the Feynman scaling hypashes
for particle production. For this test, the ratios of themalised cross sections for different
CM energy intervals are studied as a functionref Figures 8 and 9 show the ratios of the
second to the first and the third to the fifgt range for photons. The predictions from CDM,
LEPTO and the CR models are also shown. In Figure 10 the saros aaé shown for forward
neutrons and the CR models are compared to the data. For altigtibutions the values of
these ratios are consistent with unity and with being constgthin uncertainties, suggesting
that Feynman scaling in the target fragmentation regiodér photons and neutrons. The
LEPTO and CDM MC models, used for the comparison with forwandtpn data, show a
similar behaviour. All CR models indicate deviations fronalgeg for the forward photons,
such that the production rate decreases with incredsingn particular, this effect is strong for
the SIBYLL 2.1 and QGSJET 01 models. For forward neutronsgdRemodels are consistent
with Feynman scaling, with exception of SIBYLL 2.1.
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4 Summary

The production of high energy forward neutrons and photass leen studied at HERA in
deep-inelastiep scattering in the kinematic regigh< Q* < 100 GeV? and0.05 < y < 0.6.
The normalised DIS cross sectioh& ;s do/dxr for the production of photons and neutrons
at pseudorapidities > 7.9 and in the range of Feynmanef 0.1 < zr < 0.7 for the photons
and0.1 < zp < 0.94 for neutrons are presented. The measured cross sectionfiastian

of zp at different centre-of-mass energies of the virtual phgiaston system agree within
uncertainties, confirming the validity of Feynman scalingthe energy range of the virtual
photon-proton system) < W < 245 GeV.

Different Monte Carlo models are compared to the measuresnétitthese models overes-
timate the rate of photons B0 — 70%. The shapes of the measured forward photon cross
sections are well described by the LEPTO MC simulation, gipfedictions based on the
colour dipole model fail, especially at higke-. The cross sections for forward neutrons are
well described by a linear combination of the standard fragtation model, as implemented in
DJANGOH, and the one-pion-exchange model RAPGARRredictions of models, which are
commonly used for the simulation of cosmic ray cascadesalsie compared to the forward
photon and neutron measurements. None of the models desthié photon and neutron data
simultaneously well. The best description of the shapeBaphoton and the neutran- distri-
butions is provided by the EPOS LHC model. Within the kindmiange of the measurements,
the relative rate of forward photons and neutrons in DIS &/smobserved to be independent of
the energy of the virtual photon-proton CM, and therefore atsnsistent with the hypothesis of
limiting fragmentation. The present measurement proviceg information to further improve
the understanding of proton fragmentation in collider aosigic ray experiments.
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correlated sys. uncertainty

bis(W)
2DISS 2| 5 5 5 5 5
w range[GeV] UDIS<W> stat. total sys. uncorrel.sys. Ernc XYrnNneo 'model
70. +115. 0.0269 0.0002 | 0.0022 0.0006 0.0011 | 0.0018 | 0.0003
115. =+ 160. 0.0269 0.0002 | 0.0022 0.0007 0.0011 | 0.0018 | 0.0003
160. = 205. 0.0265 0.0002 | 0.0022 0.0007 0.0011 | 0.0018 | 0.0003
205. = 245. 0.0265 0.0002 | 0.0022 0.0007 0.0011 | 0.0018 | 0.0003

Table 2: The fraction of DIS events with forward photons ie tinematic region given in
Table 1. For each measurement, the statisti€al,(), the total systematici(,,; s,s.), the un-
correlated §,,.correr.sys.) Systematic uncertainties and the bin-to-bin correlayestesnatic uncer-
tainties due to the FNC absolute energy scéje (), the measurement of the particle impact
position in the FNC {xv,.,.) and the model dependence of the data correctipp,(;) are
given.

correlated sys. uncertainty
oprsW)
w range[GeV] Ugﬁg(W) 6stat. 6total sYs. 6uncorrel.sys. 5EFNC 5XYFNC 6model
70. + 115. 0.0843 0.0004 | 0.0074 0.0020 0.0008 | 0.0057 | 0.0042
115. =+ 160. 0.0830 0.0004 | 0.0074 0.0021 0.0008 | 0.0056 | 0.0042
160. = 205. 0.0815 0.0005 | 0.0072 0.0020 0.0008 | 0.0055 | 0.0041
205. = 245. 0.0826 0.0006 | 0.0073 0.0022 0.0008 | 0.0055 | 0.0041

Table 3: The fraction of DIS events with forward neutrons he kinematic region given in
Table 1. For each measurement, the statisti€al;(), the total systematicif,,; ss.), the un-
correlated §,,,,.orrel.sy5.) Systematic uncertainties and the bin-to-bin correlayestiesnatic uncer-
tainties due to the FNC absolute energy scéje (), the measurement of the particle impact
position in the FNC dxv,.,..) and the model dependence of the data correctipp,f;) are
given.
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W =70 — 130 GeV

correlated sys. uncertainty
1  do
Tp range opIS E Ostat. Ototal sYs. 5uncor7“el.sys. 5EFNC 5XYFNC Omodel
0.10 - 0.22 0.130 0.001 0.011 0.003 0.001 0.011 0.001
0.22 +0.34 0.0542 0.0007 | 0.0060 0.0015 0.0027 | 0.0051 0.0008
0.34 +0.46 0.0221 0.0005 0.0031 0.0007 0.0018 0.0024 0.0003
0.46 - 0.58 0.00743 | 0.00024 | 0.00122 0.00032 0.00059 | 0.00099 | 0.00026
0.58=0.70 | 0.00202 | 0.00010 | 0.00044 | 0.00016 0.00022 | 0.00031 | 0.00014
W =130 — 190 GeV
correlated sys. uncertainty
1 do
Tp range opIS E Ostat. Ototal sYs. 5uncor¢el.sys. 5EFNC 5XYFNC Omodel
0.10 = 0.22 0.128 0.001 0.011 0.003 0.001 0.011 0.001
0.22 +-0.34 0.0553 | 0.0008 | 0.0063 0.0016 0.0028 | 0.0053 | 0.0008
0.34 - 0.46 0.0222 0.0005 0.0031 0.0007 0.0018 0.0024 0.0003
0.46 = 0.58 0.00724 | 0.00027 | 0.00120 0.00032 0.00058 | 0.00097 | 0.00025
0.58 = 0.70 0.00192 | 0.00011 | 0.00041 0.00015 0.00021 | 0.00029 | 0.00013
W =190 — 245 GeV
correlated sys. uncertainty
1 do
T range oDIS E Ostat. Ototal sYs. 5uncorrel.sys. 5EFNC 5XYFNC Imodel
0.10 - 0.22 0.124 0.001 0.011 0.003 0.001 0.011 0.001
0.22 +0.34 0.0568 0.0010 | 0.0064 0.0017 0.0028 | 0.0054 | 0.0008
0.34 - 0.46 0.0222 0.0006 | 0.0031 0.0007 0.0018 | 0.0024 | 0.0003
0.46 = 0.58 0.00754 | 0.00034 | 0.00125 0.00033 0.00060 | 0.00101 | 0.00026
0.58 +0.70 0.00190 | 0.00014 | 0.00041 0.00015 0.00021 | 0.00029 | 0.00013

Table 4. Normalised cross sections of forward photon pridndn DIS as a function of: .
The kinematic phase space of the measurements is given e TabFor each measurement,
the statistical d;.,:.), the total systematioi(,q; sys.), the uncorrelatedd(,,correr.sys.) Systematic
uncertainties and the bin-to-bin correlated systematiettainties due to the FNC absolute
energy scale¥g,.,.), the measurement of the particle impact position in the KNG, .) and
the model dependence of the data correction ;) are given.
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W =70 — 130 GeV

correlated sys. uncertainty
1 do
Tp range oDIS E Ostat. Ototal sYs. 6uncorrelﬁys. 5EFNC 5XYFNC Imodel
0.10 - 0.22 0.0456 0.0015 | 0.0042 0.0012 0.0023 | 0.0023 | 0.0023
0.22 +0.34 0.0823 | 0.0016 | 0.0079 0.0024 0.0049 | 0.0044 | 0.0037
0.34 = 0.46 0.1096 0.0016 | 0.0114 0.0033 0.0077 | 0.0064 | 0.0044
0.46 = 0.58 0.1309 0.0016 | 0.0151 0.0056 0.0105 | 0.0076 | 0.0053
0.58 = 0.70 0.1407 | 0.0015 | 0.0199 0.0108 0.0127 | 0.0088 | 0.0063
0.70 = 0.82 0.1266 0.0013 | 0.0179 0.0069 0.0127 | 0.0085 | 0.0063
0.82 +0.94 0.0656 0.0008 | 0.0096 0.0036 0.0066 | 0.0050 | 0.0033
W =130 — 190 GeV
correlated sys. uncertainty
1 do
T fange oDIS dl’F 6stat. 6total SYs. 5uncor‘rel.sys. 5EFNC 6XYFNC (5model
0.10 +0.22 0.0426 0.0017 | 0.0038 0.0010 0.0021 | 0.0021 0.0021
0.22 +-0.34 0.0801 0.0019 | 0.0077 0.0023 0.0048 | 0.0043 | 0.0036
0.34 +0.46 0.1077 | 0.0019 | 0.0112 0.0032 0.0075 | 0.0063 | 0.0043
0.46 + 0.58 0.1286 0.0018 | 0.0148 0.0055 0.0103 | 0.0075 | 0.0051
0.58 +0.70 0.1359 | 0.0017 | 0.0192 0.0105 0.0122 | 0.0085 | 0.0061
0.70 = 0.82 0.1224 | 0.0014 | 0.0172 0.0066 0.0122 | 0.0082 | 0.0061
0.82 +0.94 0.0617 | 0.0009 | 0.0090 0.0033 0.0062 | 0.0047 | 0.0031
W =190 — 245 GeV
correlated sys. uncertainty
1  do
T p range oDIS M q(sstat. 5t0tal sYs. 5uncor7"el.sys. 5EFNC 5XYFNC 5m0del
0.10 - 0.22 0.0454 0.0022 | 0.0042 0.0012 0.0023 | 0.0023 | 0.0023
0.22 +0.34 0.0796 0.0024 | 0.0077 0.0023 0.0048 | 0.0043 | 0.0036
0.34 = 0.46 0.1093 0.0024 | 0.0114 0.0033 0.0077 | 0.0064 | 0.0044
0.46 = 0.58 0.1273 0.0023 | 0.0146 0.0054 0.0102 | 0.0074 | 0.0051
0.58 = 0.70 0.1357 | 0.0021 | 0.0191 0.0104 0.0122 | 0.0085 | 0.0061
0.70 = 0.82 0.1250 0.0018 | 0.0176 0.0067 0.0125 | 0.0084 | 0.0062
0.82 +0.94 0.0621 | 0.0011 | 0.0090 0.0033 0.0062 | 0.0047 | 0.0031

Table 5: Normalised cross sections of forward neutron pctida in DIS as a function of .
The kinematic phase space of the measurements is given e TabFor each measurement,
the statistical d;;q;.), the total systematiai(,;q; sys.), the uncorrelatedd(,,corre.sys.) Systematic
uncertainties and the bin-to-bin correlated systematicettainties due to the FNC absolute
energy scaleg,., ), the measurement of the particle impact position in the KNG, .) and
the model dependence of the data correction ;) are given.
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Figure 2: The fraction of DIS events with forward photg@a$ and forward neutronéb) as a
function of W in the kinematic region given in Table 1. Also shown are thedjotions of the
LEPTO (solid line) and CDM (dashed line) MC models. In the agafderward neutron produc-
tion, the predictions of RAPGAR-and the linear combinations of LEPTO and RAPGAFas
well as CDM and RAPGAR- are also shown.
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Figure 3: The fraction of DIS events with forward photg@a$ and forward neutronéb) as a
function of W in the kinematic region given in Table 1. Also shown are thedpstions of the
cosmic ray hadronic interaction models SIBYLL 2.1 (solidd), QGSJET 01 (dashed line),
QGSJET 11-04 (dotted line) and EPOS LHC (dash-dotted line).
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Figure 4: Normalised cross sections of forward photon petida in DIS as a function of

in threeW intervals in the kinematic region given in Table 1. The efpars show the total
experimental uncertainty, calculated using the quadsatio of the statistical and systematic
uncertainties. Also shown are the predictions of the LEP3@iq line) and CDM (dashed line)
MC models.
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Figure 5: Normalised cross sections of forward photon petida in DIS as a function of

in three W intervals in the kinematic region given in Table 1. The ineeor bars show the
statistical uncertainty, while the outer error bars showtthtal experimental uncertainty, calcu-
lated using the quadratic sum of the statistical and sydiemacertainties. Also shown are the
predictions of the cosmic ray hadronic interaction modéBY&L 2.1 (solid line), QGSJET 01
(dashed line), QGSJET 01 (no mi) (dash-double dotted IQQSJIET I[1-04 (dotted line) and
EPOS LHC (dash-dotted line). In the right column the ratiiohe CR model predictions to the

data are shown.
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Figure 6: Normalised cross sections of forward neutron potidn in DIS as a function of
xp in threeV intervals in the kinematic region given in Table 1. The ineeior bars show
the statistical uncertainty, while the outer error barsvsltloe total experimental uncertainty,
calculated using the quadratic sum of the statistical astesyatic uncertainties. Also shown
are the predictions of CDM (dotted line), RAPGARdashed line) and a linear combination of
CDM and RAPGAPx predictions (solid line).
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Figure 7: Normalised cross sections of forward neutron petidn in DIS as a function of »

in three W intervals in the kinematic region given in Table 1. The ineeor bars show the
statistical uncertainty, while the outer error bars showtthtal experimental uncertainty, calcu-
lated using the quadratic sum of the statistical and sydiemacertainties. Also shown are the
predictions of the cosmic ray hadronic interaction modéBY&L 2.1 (solid line), QGSJET 01
(dashed line), QGSJET 01 (no mi) (dash-double dotted IQESJIET I[1-04 (dotted line) and
EPOS LHC (dash-dotted line). In the right column the ratiothe CR model predictions to the

data are shown.
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Figure 8: Ratios of normalised cross sections of forward@h@roduction in DIS correspond-
ing to two differentlV intervals, shown in Figure 4, as a functionxgf: (a) ratio of the cross
section in thel30 < W < 190 GeV interval to the cross section in the < W < 130 GeV
interval; (b) ratio of the cross section in thé&0 < W < 245 GeV interval to the cross section
inthe70 < W < 130 GeV interval. The kinematic phase space is defined in Tabldé.error
bars show the total experimental uncertainty, calculagdgithe quadratic sum of the statisti-
cal and systematic uncertainties. Also shown are the gied&of the LEPTO (solid line) and
CDM (dashed line) MC models.
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Figure 9: Ratios of normalised cross sections of forward@mh@roduction in DIS correspond-
ing to two differentlV intervals, shown in Figure 5, as a functionxf: (a) ratio of the cross
section in thel30 < W < 190 GeV interval to the cross section in the < W < 130 GeV
interval; (b) ratio of the cross section in tH&0 < W < 245 GeV interval to the cross section
inthe70 < W < 130 GeV interval. The kinematic phase space is defined in Tabldé.error
bars show the total experimental uncertainty, calculagdguthe quadratic sum of the statis-
tical and systematic uncertainties. Also shown are theigtieds of the cosmic ray hadronic
interaction models SIBYLL 2.1 (solid line), QGSJET 01 (deghine), QGSJET I1-04 (dotted
line) and EPOS LHC (dash-dotted line).
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Figure 10: Ratios of normalised cross sections of forwardtno@ production in DIS cor-
responding to two differentV intervals, shown in Figure 7, as a function ©f: (a) ra-

tio of the cross section in thé30 < W < 190 GeV interval to the cross section in the
70 < W < 130 GeV interval; (b) ratio of the cross section in th®90 < W < 245 GeV
interval to the cross section in thi@ < W < 130 GeV interval. The kinematic phase space is
defined in Table 1. The error bars show the total experimemtegértainty, calculated using the
guadratic sum of the statistical and systematic uncerégnAlso shown are the predictions of
the cosmic ray hadronic interaction models SIBYLL 2.1 (@dilne), QGSJET 01 (dashed line),
QGSJET 11-04 (dotted line) and EPOS LHC (dash-dotted line).
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