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Abstract. Measurements of normalised cross sections for the praztuofiphotons and neutrons at very small
angles with respect to the proton beam direction in deelastie e p scattering at HERA are presented as a
function of the Feynman variabbe and of the centre-of-mass energy of the virtual photoneuratystermw.
The data are taken with the H1 detector in the years 2006 aBidl&@d correspond to an integrated luminosity of
131 pb!. The measurement is restricted to photons and neutrone jssttudorapidity rangg> 7.9 and covers
the range of negative four momentum transfer squared atsierpn vertex 6< Q% < 100 GeV, of inelasticity
0.05 < y < 0.6 and of 70< W < 245 GeV. To test the Feynman scaling hypothesistheependence of the
Xr dependent cross sections is investigated. Predictionsey-thelastic scattering models and of models for
hadronic interactions of high energy cosmic rays are coegtr the measured cross sections.

1 Introduction scaling [12] hypothesis, according to which particle pro-
duction is expected to show a scaling behaviour, i.e. in-
dependence of the CM energy in terms of the Feynman-
variable xg = 2p; /W. Herep is the longitudinal momen-

Measurements of particle production at very small po-
lar angles with respect to the proton beam direction in

posi_tron-proton coIIi_sions are important inputs_for the-h tum of the patrticle in the virtual photon-proton CM frame

2irsertr:(;alMuenatljseurrséingr:?sgoghgg?grv]:/r:r%m2rr1ttiecl:reosnalr2§(\:/2?l;ymh respect to the direction of the beam proton. In several
o . ap previous measurements Feynman scaling was found to be

able for high energy cosmic ray experiments, as they pro-

vide important new constraints for hiah enerav air showerVi0|ated in the fragmentation process in the central rapid-
modelsp[l 2] 9 gy ity region: On the contrary, no sizable violation of Feyn-

The H1 and ZEUS experiments at the collider man scaling has been observed in the target fragmentation

; i region in pp and pp collisions [13]. However, these con-
HERA have studied the production of forward baryons clusions are debated [14] and the scarcity of other experi-

(prot.ons and neutrqns). and photons, which carry a I.argemental forward particle production data motivates further

fraction of the longitudinal momentum of the incoming tudies of forward particle production

proton [3-9]. These analyses have demonstrated that mods- '

els of deep-inelastic scattering (DIS) are able to repreduc

the forward baryon measurements if contributions from

different production mechanisms are considered, such as

string fragmentation, pion exchangeffdictive dissocia-

tion and elastic scattering of the proton [6, 7]. The forward

photon production rate, however, is overestimated by Fheproduction is studied as a function &f andW. This is

models by 50. to 70% [.8]' The measu_rements also Comclrmthe first direct experimental test of Feynman scaling for

the hypothesis of limiting fragmentation [10, 11], accord- photons and neutrons produced in the very forward direc-

ing to which, in the high-energy limit, the cross section tion. Predictions from dferent DIS and dferent cosmic

for the inclusive production of particles in the target frag ray (CR) hadronic interaction Monte Carlo (MC) models

mentation region is independent of the incident projectileare compared to the results. The simultaneous measure-

energy. . . . ... ment of forward neutrons and photons provides a useful
Measurements in the DIS regime provide a possibility i, ) s for MC model development also because of the re-

o invgstigate the process afférent centre-of-mas§ ((.:M) spective diferent production mechanisms: forward pho-

energies of the _V|rtual photon—pr_oton Systewl, within tons almost exclusively originate from decays of neutral

the same expenment. T_he studies of the energy Oleloenr'nesons produced in the fragmentation of the proton rem-

dence of particle production allow a test of the Feynmannant (Figure 1a), while forward neutrons are produced also

3e-mail: armen.buniatyan@desy.de via a colour singlet exchange process (Figure 1b).

In this report, the new H1 measurement of the produc-
tion of neutrons and photons in DIS is presented [9]. The
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2 Experimental Procedure ENC

The data used in this analysis were collected with the H1 MA'NCALOR'M
detector at HERA in the years 2006 and 2007 and corre- ‘
spond to an integrated luminosity of 131 pbDuring this

period HERA collided positrons and protons with energies

of Ec = 27.6 GeV andE, = 920 GeV, respectively, cor- N

responding to a centre-of-mass energy® = 319 GeV.
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X Figure 2. (Left) A schematic view of the H1 FNC. (Right) Lay-
out of the Preshower Calorimeter. The hatched area shows the
iy . . . .
! geometrical acceptance window defined by the beam-line ele-
p \ty\ ments. The area correspondingite 7.9 is indicated by dashed

n circle.

Figure 1. (a) Generic diagram for forward photon or neutron
productionep — €yX, ep — €nXin deep-inelastic scattering.

’ S iEEEs clusters. According to the Monte Carlo simulation about
(b) Diagram of forward neutron production via pion exchange

98% of all reconstructed photon and neutron candidates
originate from generated photons and neutrons, respec-
2.1 H1 detector tively. Due to the relatively large size of the FNC readout

_ o modules in combination with the small geometrical accep-
A detailed description of the H1 detector can be foundgnce window, two or more particles entering the FNC are
elsewhere [15-18]. The interaction region is surroundedreconstructed as a single cluster. At lower energies the
by a two-layer silicon strip detector and large concentric gjectromagnetic clusters reconstructed in the FNC mainly
drift chambers, operated inside & T solenoidal mag-  qyiginate from single photons. At higher measured ener-
netic field. Charged particle momenta are measured in thjies there is a significant contribution from two photons,
angular range 15< 6 < 165 The forward tracking de- \yith the fraction of two-photon events increasing from
tector is used to supplement track reconstruction in the req 504, at 100 GeV to 10% at about 450 GeV and to 80%
gion 7 < 6 < 30°. The tracking system is surrounded by 4t 900 GeV. The two photons typically originate from the
a finely segmented liquid argon (LAr) calorimeter, which decay of the same meson.
covers the polar angle rangé 4 6 < 154" with full az- The absolute electromagnetic and hadronic energy
imuthal acceptance. The backward region (1536 < scales of the FNC are known to 5% [8] and 2% [7] pre-
177.8°) is covered by a legdcintillating-fibre calorime- cision, respectively. The energy resolution of the FNC
ter called the SpacCal; its main purpose is the detection ot.5iorimeter for electromagnetic showers d¢E)/E =~
scattered positrons. 20%/ VE [GeV]®2% and for hadronic showesg(E)/E ~

Neutral particles produced at very small polar anglesgzoy VE[GeV] @ 3%, as determined in test beam
with respect to the proton beam direction can be detectegneasurements. The spatial resolution d¢x,y) =~

~

in the FNC, which is situated at a polar angle 6f&  10cny +E[GeV]®0.6 cm for hadronic showers starting in
106 m from the interaction point. A schematic view of {he Main Calorimeter. A better spatial resolution of about
the FNC is shown in Figure 2 and the detailed descriptions 1,m is achieved for the electromagnetic showers and

is given in [7, 8]. The FNC is a lead-scintillator sand- for those hadronic showers which start in the Preshower
wich calorimeter. It consists of two longitudinal sections cgorimeter.

the Preshower Calorimeter with a length corresponding to
about 60 radiation lengths or8ll and the Main Calorime-
ter with a total length of ®1 The acceptance of the FNC
is defined by the aperture of the HERA beam-line mag-The kinematics of semi-inclusive forward photon and neu-
nets and is limited to scattering angles)a.8 mrad with  tron production are shown in Figure 1a. This measurement
approximately 30% azimuthal coverage (see Figure 2). s restricted to the DIS kinematic range, determined by the
The longitudinal segmentation of the FNC allowB€  photon virtuality 6 < Q> < 100 GeV? and inelasticity
cient discrimination of photons from neutrons. Photons (.05 < y < 0.6. They are defined as
are absorbed completely in the Preshower Calorimeter, ]
while neutrons have a significant fraction of their energy Q= —q2 , y= p—g , (1)
deposited in the Main Calorimeter. Therefore, energy de- P
posits in the FNC, which are contained in the Preshowemwhere p, k and g are the four-momenta of the incident
Calorimeter with no energy deposits above the noise leveproton, the incident positron and the virtual photon, re-
in the Main Calorimeter, are classified as electromagneticspectively. The CM energy of the virtual photon-proton

2.2 Cross Section Definition
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system,W, is related toQ? andy asW ~ +/ys— Q?, photons or neutrons is selected by requiring either an elec-

wheres is the squared total CM energy of the positron- tromagnetic or a hadronic cluster in the FNC with a pseu-

proton system. The present analysis is restricted to thelorapidity above B and an energy above 92 GeV. The

range 70< W < 245 GeV. DIS data sample contains about 9.3 million events. The
The analysis is performed in the pseudorapidity rangeFNC data sample contains about 880 events with pho-

n > 7.9 for forward neutrons and photons. The pseu- tons and 230000 events with neutrons.

dorapidity rangen > 7.9 corresponds to polar angles

6 < 0.75 mrad. In the virtual photon-proton CM frame

the neutron transverse momentyrh and the neutromxg

are restricted to the range 9 p; < 0.6 GeV and QL <

xg < 0.94, respectively. For the forward photons measure-

mentp; andxg are defined for the most energetic photon

in the pseudorapidity rangg > 7.9 and are restricted to

the range &< p; < 0.4 GeV and (L < xg < 0.7. The re- . . .

quirement thaF;(TF is below 07 for photons ensures that the surement bins due to the finite detector resolution.

electromagnetic clusters reconstructed in the FNC mainly 'I_'he DJANGOH [19] program 1S used to generate in-
o ; clusive DIS events. It is based on leading order elec-
originate from single photons.

. : troweak cross sections and takes into account Qftéxts
The _kmer_natlc phase space of t_he measurements | p to orderwys. Higher order QCD ffects are simulated us-
summarised in Tab!e 1. Cross sections of neutrons an g leading log parton showers as implemented in LEPTO

photon_s produced in the forwqrd direction, normalised [20], or using the Colour Dipole Model (CDM) as im-
o the inclusive DIS cross section/dois do/dxg, are plemented in ARIADNE [21]. Subsequent hadronisation
determ_lr_1ed dferentially in Xk N _thre_e ranges om. effects are modelled using the Lund string fragmentation
In%:']addltlon, the cross section ratlo_s integrated oxger model as implemented in JETSET [22, 23]. Higher or-
opis/oDis, are measured as a functionaf der electroweak processes are simulated using an interface
to HERACLES [24]. In all DJANGOH simulations for-
NC DI S Selection ward particles originate exclusively from the hadronisati
> of the proton remnant and forward photons are therefore
6 < Q? <100 GeV mainly produced from the decay of mesons.

0.05<y <06 RAPGAP [25] is a general purpose event generator for
inclusive and diractivee pinteractions. In the version de-

70<W <245 GeV noted below as RAPGAR; the program simulates exclu-

Forward photons | Forward neutrons sively the scattering of virtual photonsfan exchanged
pion (Figure 1b). The parameterisations of the pion flux is
n>19 n>19 taken from [26]. Using other parameterisations of pion
0.1<x <07 0.1< xg <094 flux affects mainly the absolute normalisation by up to
30 %. The best description of the forward neutron data
is achieved by a combination of events with neutrons orig-

2.4 Monte Carlo simulations and corrections to the
data

Monte Carlo simulations are used to correct the data for
the dfects of detector acceptance, fildencies, QED ra-
diation from the positron and migrations between mea-

O<p;r<04GeV | 0<p; <06GeV

W rangesfor cross sections UL(?TU inating from pion exchange, as simulated by RAPGAP-
pis B and events with neutrons from proton remnant fragmen-
70<W <130 GeV tation, simulated by DJANGOH. RAPGARmainly con-
130< W < 190 GeV tributes at high neutron energies, while DJANGOH is sig-

nificant at low energies.

The measurements are also compared to predictions of
several hadronic interaction models which are commonly
s ) _ used for the simulation of cosmic ray air shower cascades:
Table 1. Definition of the kinematic phase space of the EPOS LHC [27, 28], QGSJET 01 [29, 30], QGSJET II-

measurements. 04 [31, 32] and SIBYLL 2.1 [33, 34]. The programs are
interfaced with the PHOJET program [35] for the genera-
tion of thee pscattering kinematics.
The measured distributions may contain background
2.3 Event selection arising from several sources. The background from photo-
production processes is estimated using the PHOJET MC
The data sample of this analysis was collected using trig-generator and is found to be about 1% on average. Back-
gers which require the scattered positron to be measuredround from misidentification of photons or neutrons in
in the SpaCal. The triggerfleciency is about 96% for the FNC is estimated from the DJANGOH MC simula-
the analysis phase space. The selection of DIS events igon to be 2% on average. These two backgrounds are sub-
based on the identification of the scattered positron as théracted from the data distributions bin-by-bin. Backgrdun
most energetic, isolated compact calorimetric deposit inalso arises from a random coincidence of DIS events, caus-
the SpaCal. A subsample of events containing forwarding activity in the central detector, with a beam-related

190< W < 245 GeV
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background signal in the FNC, produced from the interac-well. It is remarkable that the factors for the CDM and

tion of another beam proton with a positron or with resid- LEPTO contributions dfer by a factor two (4 and 07,

ual gas in the beampipe. It is found to be smaller than 1%respectively). It is also notable that the CDM model,

and is neglected. which overestimates the rate of forward photons by about
The MC simulations are used to correct the distribu- 70%, has to be scaled up in the combination to describe

tions at the level of reconstructed particles back to thethe forward neutron data.

hadron level on a bin-by-bin basis. The correction fac- N N

tors are determined from the MC simulations as the ratios gt H1 e H1

of the normalised cross sections obtained from particles~, — epTo

at hadron level without QED radiation to the normalised &°% ¢ e

cross sections calculated using reconstructed partioés a  oosf | . . . 015 | LEPTOX 07 + RAPGAP-x 06

including QED radiation #ects. For the forward photon ok o moma | | e

analysis the average of the correction factors determinec oo comeated uncertainty

.01~ — LEPTO

2]
a
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from LEPTO and CDM is used. For the forward neu- —— com
tron analysis the correction factors are calculated usieg t e e o oo 0w
combination of RAPGAR: and CDM simulations, with W [GeV] W [GeV]
. . . Forward Photons Forward Neutrons
the weighting factors .6 and 14, as described above. Hl 8 03— i
correlated uncertain
\(ﬁ —SIBVLIfZ.l e
€ 02| - qoseriios
3 Results Tsransarnis | ——ooswEron
. . . ® H1Data
3.1 Normalised cross sections as a function of W 002 corclaed ucerainy 0 pIIIII e
0.01L " EPOS LHC
P T R T B T O T T S LEL QGSJET 11-04
The ratios of the forward photon and forward neutron pro- ——QesiETor
. . . . . 0 Il Il Il 0 Il Il Il
duction cross sections to the inclusive DIS cross section 100 150 200 100 150 200
rn . . W [Ge W [Ge
Zois in the kinematic range & Q? < 100 Ge\? and (GeV] (GeV]

JpIs

0.05 < y < 0.6 and as a function dV are shown in Fig- Fi 3. The fraction of DIS s with f d ohot left
ure 3. Within uncertainties the measured ratios are con-_ 2" € hefraction o events with forward photons (le

. . side plots) and forward neutrons (right side plots) as atfonc
sistent with constant values of aboub®7 (forwards pho- of W. In the upper plots also shown are the predictions of the

tons) and M83 (forward neutrons). In other words, within | pTo and CDM and, in the case of forward neutron produc-

uncertainties th&V dependence of the cross section is in- tion, the predictions of RAPGAR-and the linear combinations

dependent of the presence of a forward neutron or a forof LEPTO and RAPGAPE, as well as CDM and RAPGAR- In

ward photon, as predicted by the limiting fragmentation the lower plots also shown are the predictions of the CR hadro

hypothesis [10, 11]. interaction models SIBYLL 2.1, QGSJET 01, QGSJET I1-04 and
In Figure 3 the MC model calculations are compared EPOS LHC.

with the measurements. Both CDM and LEPTO predict

a forward photon rate of about 70% higher than observed. . o . . i

The photon production rate as a functiondis ratherflat ! Figure 3 predictions of various cosmic ray hadronic

in CDM and shows a slight increase witi in LEPTO. interaction models (EPOS LHC, SIBYLL 2.1 and the two

The shape of th&V distribution is in both models consis- Versions of QGSJET) are compared to the measured nor-

tent with the data, within errors. malised cross sections as a functiondf The CR model
The rate of forward neutron production predicted by predictions show significant flerences in absolute val-

LEPTO is consistent with the data, while CDM predicts U€S: for both forward photons and forward neutrons. For

a much lower rate. However, as was shown in the previ-Photons all models predict too high rates by 30 to 40%,

ous measurement [7], the energy distribution of forward @nd these rates, with the exception of EPOS LHC, show a

neutrons can be described by MC simulation only if this Slight decrease with increasii, not confirmed by data.

includes contributions both from standard fragmentation0r forward neutrons all CR predictions showMinde-

as simulated in DJANGOH, and from a pion exchangependem behaviour, in accordance with th(_a measiived

mechanism as explicitly simulated in RAPGAFbut not ~ dependence. The QGSJET 01 model predicts a much too

included in DJANGOH. In Figure 3b the combinations of Nigh and SIBYLL 2.1 a much too low neutron rate, while

the RAPGAP# and DJANGOH simulations, as described the EPOS LHC and QGSJET 11-04 models are closer to

in section 2.4, are compared to the measurement. Th&€ measurement.

weighting factors Y4 for the CDM, 07 for the LEPTO and

0.6 for the RAPGAP predictions are determined by fit- 3 2 Normalised cross sections as a function of g

ting the observed neutron energy distributions integrated  ang test of Feynman scaling

over the full W range. The cross sections for inclusive

DIS events, used for the normalisation of the forward neu-The measured normalised fidirential cross sections,

tron cross sectionsypis, are taken from the CDM and (r;Sg—)‘(’F, of the most energetic photon are presented as a

LEPTO simulations without additional weighting. The function ofxg in Figures 4 and 5 for the kinematic region

model combination describes the obserVédiependence defined in Table 1. In order to study the energy depen-
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dence of these distributions, these cross sections are mea-

70 <W < 130 GeV

Forward Photons

70 <W < 130 GeV

Forward Photons

. . éu H1 % e HlData H1
sured in thredV intervals. B w0tk | Q sp_serial
H . . © ] (&) -== EPOS LHC
The normalised dierential cross sections as a func- 2 E S |- QosETios
. . o F —— QGSJET 01
tion of xg are similar for the thre®V ranges. As shown 5 .| ¢ roe _— QGSIET o1 (ro m)
. . . . f = SIBYLL 2.1 - -
in Figure 4 and already seen in the comparison ofwwhe Feegpostic
dependence, the LEPTO and CDM models predict a rate [ "™ i
of forward photons about 70% higher than measured. The QGSIET 0L (rom)
shapes of the measured distributions are well described bY o7 0% 03 02 o5 o5 o7 T 02 03 04 05 o068 o7
LEPTO, while the CDM description is very poor by show- X X
ing a significantly harder spectrum than observed in data.><u potuerd Photens e g [ ]
In Figure 5 the predictions of the CR hadronic interaction 3 [+ 8 s —smaa
models are compared to the same measurements. Larc | ° L__ S | s
differences between the CR models are observed, both il5 .| « wou e e wom
shape and in normalisation. All models tested here overes o2 ==
timate the forward photon rate by 30% to 40% at Igw i sesiten [ L
. 3 b —— JET 01 e pmeye SN
The EPOS LHC model describes the shapes of the pho [~ ceserorcom B e
ton xg distributions well. The SIBYLL 2.1 model predicts L1 L1
. . 1 02 03 04 05 06 07 1 02 03 04 05 06 07
a harderxg dependence, while the spectra obtained from Xp Xp
the dfferent variants of QGSJET are softer than observed . FowardPhoons 190 < W < 245 GeV Forward Photons 190 <W < 245 GeV
: x H1 & o HiDaa H1
in the data. S | 3 5l — sBviL21
S we e O --= EPOS LHC
Forward Photons: 70 <W < 130 GeV Forward Photons 130 <W < 190 GeV b%’ = L QGSJET II-04
<k H1l H1 2 [ e tom T QoskETOL
E 10 E 10t 10 ?—SIBVLLZI . af 7 QoSETOLom)
» » i === EPOSLHC [
5 a T lL___ | pee QGSJET 11-04 o
o o 10° £ —— QGSJET 01 ——
1021 . 102 . E QGSJET 01 (no mi)
[ e Hipaa ¢ e HiDaa ¢ 0.1 o.‘z 0‘,3 o.‘4 0.‘5 0‘,6 0.7
10° E — LEPTO 10° F— (epro Xg
F ——com ——com
1 1 1 1 1 1 1 1 1 1
01 02 03 04 05 06 XO‘ 01 02 03 04 05 08 X‘” Figure 5. Normalised cross sections of forward photon pro-
R WWMGEVF F duction in DIS as a function ofx= in three W intervals
& H1 in the kinematic region given in Table 1. Also shown are
§ 0tk ® the predictions of the cosmic ray hadronic interaction ni®de
2 * bE=—g SIBYLL 2.1, QGSJET 01, QGSJET 01 (no mi), QGSJET II-
g i * 04 and EPOS LHC. In the right column the ratio of CR model
* predictions to the data are shown.
[ o Hipam 4
10°E — (epro .. . . .
o com reasonable description of the neutrgndistributions, ex-
01 02 03 02 05 08 o7 cept at the highest values. The SIBYLL 2.1 model de-
Xg scribes the shape of the spectra but fails in the absolute

Figure 4. Normalised cross sections of forward photon produc-
tion in DIS as a function okg in threeW intervals in the kine-
matic region given in Table 1. Also shown are the predictiohs

the LEPTO and CDM MC models.

rate. The QGSJET I1-04 model shows a hardedepen-
dence, and QGSJET 01 predicts a much too high neutron
rate.

It was pointed out [36] that the hadronic interaction
models have been developed for hadron-hadron interac-

The normalised dierential cross sections for the for- tions and therefore the simulation of DIS events might be
ward neutron are presented in in Figures 6 and 7 for theaffected by the superfluous contribution of multi-parton

kinematic region defined in Table 1. Tke distributions

interactions. In order to investigate this assumption,

of forward neutrons are well described by a combinationthe QGSJET 01 model has been modified [36] to ex-
of CDM and RAPGAP=, using the weighting factors and clude the multi-parton interactions. In the comparison
normalisation as described in section 3.1. The individualWith the measurements this modified model is denoted as
contributions of the two models are shown in Figure 6 as'QGSJET 01 (no mi)’. As seenin Figures 5 and 7 tifeet
well. Fragmentation, as simulated by CDM, dominates Of multi-parton interactions on the forward photon produc-

the neutron production at loweg, while the contribution
from pion exchange becomes significantxat.0.7. The
combination of LEPTO and RAPGAR{not shown) also
provides a good description of the measurements faivall

tion is small, while thexg spectrum of forward neutrons
becomes significantly harder, when multi-parton interac-
tions are excluded, without improving the data description

TheW dependence of the- distributions allows a test

ranges. In Figure 7 the predictions of the CR hadronic in-of the Feynman scaling hypothesis for particle production.
teraction models are compared to the forward neutron pro+or this test, the ratios of the normalised cross sections fo
duction cross sections. The EPOS LHC model provides alifferent CM energy intervals are studied as a function of
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Forward Neutrons 70 <W <130 GeV Forward Neutrons 130 < W < 190 GeV Forward Neutrons 70 <W <130 GeV Forward Neutrons 70 <W < 130 GeV

o
o
o
N

& ® HlDaa H1 - e HiDaa H1 w ® HiDaa Hll S ® HiDam H1
% —— CDMx 1.4 + RAPGAP-Tx 0.6 % —— CDMx 1.4 + RAPGAP-T(x 0.6 % 04T SELA g N Eotbniin
Sous Sois S | Q |mmEmEEe e
o) o o 0.3 QGSJET 01 (no mi) QGSJET 01 (no mi) L
L o L 2l [ == |
01 01 - . -
0.2
1% @ &
0.05 0.05 01 -
firanien el L L L L L 0 i Il L L L L L L 0 L L L L L L L 0 L L L L L L L L
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 0.1 0.2 03 04 05 06 0.7 0.8 0.9 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9
Xg Xg Xg Xg
Forward Neutrons 190 <W < 245 GeV Forward Neutrons 130 <W < 190 GeV Forward Neutrons 130 <W < 190 GeV
u 02 e H1 u ® HiDaa Hll & ® Hipaa H1
S | —comeesmromnneos S oapmoimun 8 af o
8 015 8 ----- QGSJET II-04 a ----- QGSJET II-04 je
0 " —— QGSJET 01 s —— QGSJET 01 i
a o 03+ QGSJET 01 (no mi) QGSJET 01 (no mi) i—
L L Fey 2l Iy I
= 01 — == e ' i
0.2
0.05 0.1
0 Fianten bl | L L L L 1 0 L L L L 1 0 L L L L L L L 1
0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
Xe Xg X
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Figure 6. Normalised cross sections of forward neutron produc- § %*[ -~ erostic Q  3f - EpOSLHC
. . . . . . . S | QGSJET I1-04 o | QGSJET II-04 .
tion in DIS as a function okg in threeW intervals in the kine- 0 LT s | oy {
. . . . .. o 0.3F no mi no mi —
matic region given in Table 1. Also shown are the predictions © i
of CDM, RAPGAP# and the linear combination of CDM and
RAPGAP+ predictions.
xg. Figure 8 show the ratios of the second to the first and T ol
H . H 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9
the third to the firsW range for photons. In Figure 9 the X x
F F

same ratios are shown for forward neutrons. For all data

distributions the values of these ratios are roughly con-, : .

. - . . L . igure 7. Normalised cross sections of forward neutron produc-
sistent W'th unity and being constgnt within uncertainties tion in DIS as a function okg in threeW intervals in the kine-
suggesting that Feynman scaling in the target fragmentagasic region given in Table 1. Also shown are the predictiohs
tion region holds for photons and neutrons. All CR mod- the CR hadronic interaction models SIBYLL 2.1, QGSJET 01,
els indicate deviations from scaling for the forward pho- QGSJET 01 (no mi), QGSJET 11-04 and EPOS LHC. In the right
tons, such that the production rate decreases with increasolumn the ratio of CR model predictions to the data are shown
ing W. In particular, this &ect is strong for SIBYLL 2.1
and QGSJET 01 models. For forward neutrons the CRcolour dipole model fail, especially at higt:. The cross
models are consistent with Feynman scaling, with excepsections for forward neutrons are well described by a lin-
tion of SIBYLL 2.1. ear combination of the standard fragmentation model, as
implemented in DJANGOH, and the one-pion-exchange
model RAPGAP=. Predictions of models, which are com-
monly used for the simulation of cosmic ray cascades, are
also compared to the forward photon and neutron measure-
ments. None of the models describes the photon and neu-
tron data simultaneously well. The best description of the
shapes of the photon and the neutsgndistributions is
provided by the EPOS LHC model. Within the kinematic
range of the measurements, the relative rate of forward
photons and neutrons in DIS events is observed to be in-
0.1 < X¢ < 0.94 for neutrons are presented. The measureadependem of the energy of the v_ir’[ual photon-prqton C.M’

and therefore also consistent with the hypothesis of lim-

cross sections as a function gf at different centre-of- ting f tati Th i i i
mass energies of the virtual photon-proton system agreéIng ragmentation. € present measurement provides

within uncertainties, confirming the validity of Feynman new information to further improve the understanding of

scaling in the energy range of the virtual photon-proton proton fragmentation in collider and cosmic ray experi-
system 70< W < 245 GeV. ments.

Different Monte Carlo models are compared to the
measurements. All these models overestimate the ratacknowledgements
of photons by 30- 70%. The shapes of the measured
forward photon cross sections are well described by thel am grateful to the Organisers for giving me the possibility
LEPTO MC simulation, while predictions based on the to attend the Symposium and present this talk.

4 Summary

The production of high energy forward neutrons and pho-
tons has been studied at HERA in deep-inelasficcat-
tering in the kinematic region 6< Q*> < 100 Ge\f
and 005 < y < 0.6. The normalised DIS cross sec-
tions 1/opis do/dxe for the production of photons and
neutrons at pseudorapidities > 7.9 and in the range
of Feynmanx of 0.1 < xg < 0.7 for the photons and
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