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1. Introduction

At the ep collider HERA the study of forward produ
tion of baryons (protons and neutrons) and photons
long been a subject of interest [1]. The term “forwa
here implies that the produced particles have small |
angles with respect to the proton beam direction and «
a large fraction of the incoming proton longitudinal n
mentum. The early studies of forward baryon produc
at HERA [2, 3] showed that models of deep-inelastic <
tering (DIS) are able to reproduce the data, but only if :
eral production mechanisms are taken into account:
fragmentation, pion exchange, proton diffractive dissc
tion and elasti@ p scattering. While the production meci-

anism for forward photons is almost solely the proton frag- (b) A

mentation, through the decay of neutral mesons from the B X
fragmentation process, forward neutrons can also be pro- ,T+

duced in the colour singlet (pion) exchange process (Fig- 5

ure la,b). The fact that different production mechanisms t

have to be invoked for the simultaneous measurement of

forward photons and neutrons is a challenge for the Mongégure 1

Carlo (MC) simulation models. While it was found in aPiagrams for neutron and photon
previous H1 analysis [3] that the forward neutron produd®@rward production

tion can be well described as a sum of fragmentation and
pion exchange processes, the forward photon production was irasbfdund to be overestimated

in the models, by large amounts (50-70%) [4]. Thus, very forward nawnd photon production
offers a test of commonly used simulation models in an extreme corner of thpHak® space.

Interest in the forward production of baryons and photons also aiis€osmic Ray (CR)
physics [5]. To estimate the energy of air shower initiating cosmic rays, gixtesimulation of the
hadronic interactions in the Earth atmosphere is needed, and seveyampshave been developed
over the years for this purpose. For the calibration and tuning of swgrgms, forward scattering
data obtained under controlled conditions, i.e. in high energy acceleraieriments, are needed.
Such data are however surprisingly scarce. Thus, another motivatichd present study, and
for the presentation of the data in terms of the Feynmamariable, was requests from the CR
community.

The data presented here were taken in the last years of HERA ope2Qiof,/, and consist
of 131 pb!, taken with positron and proton beam energies of 27.6 and 920 GeVciashg
corresponding to thep centre-of-mass (CM) energy’s = 319 GeV. Neutrons and photons are
detected in the H1 Forward Neutron Calorimeter (FNC) and to distinguish p@tod neutrons
the FNC Preshower is used. The latter is an electromagnetic calorimeter siitudtedt of the
FNC Main Calorimeter. The aperture of the FNC, as given by the HERA hmaios elements, is
limited to 0.75 mrad§ > 7.9, wheren is the pseudorapidity in the laboratory frame).

The present analysis was recently published [6], as a continuation eflier analyses of
forward neutrons [3] and forward photons [4]; thus, for details nbes can be given here, please
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NC DI S Selection

6 < Q% < 100 GeV?
0.05<y< 0.6
7T0<W < 245 GeV

Forward photons | Forward neutrons

n>79 n>79
0.1<xe <07 0.1<xr <094

0<p; <04GeV| 0< pr <0.6GeV

1 do

W ranges for cross sections 5

70<W < 130 GeV
130< W < 190 GeV
190< W < 245 GeV

Table 1. Definition of the kinematic phase space of the measurements.

see these papers.

2. Data Sample

The data selection cuts are summarised in Table 1. Note that the rangedité Feynman
variable, differ for neutrons and photong. is defined asg = Zpﬁ JW, wherep‘*‘ is the longitudinal
momentum of the particle in the virtual photon-proton CM frame, with respectaditiection of
the beam protoh The lower value of the upper bound ®a for photons is motivated by the wish
to define the cross section for single photons; as known from MC simulagbtergernx: values
electromagnetic clusters in the FNC Preshower are mainly caused by lweatslouble photons
(from m° decays). The common lower boumgd = 0.1 corresponds to lower values of about 92
GeV for the FNC cluster energies. The difference in upper boundseftraénsverse momentum
pT is a consequence of the different upper boundgron

For the purpose of the test of the Feynman Scaling hypothesi$Vtrenge is divided into
three intervals. For the presentation of the results, the cross sectiomsraralised to the total DIS
Ccross section.

The total sample, after all cuts, consists~0230 000 neutron ane- 83,000 photon events.

1In the kinematic range of this measurement the variaplés numerically almost equal to the longitudinal mo-
mentum fractiornx_ used in previous publications. Thesg,was defined ag_= E /Ep, whereEp, E, andEy are the
energies of the proton beam, the forward neutron and the forwarplimthe laboratory frame, respectively.
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3. Cosmic Ray Air Shower MC Models

The predictions of several models used for the simulation of cosmic ray@iresk are com-
pared to the measured cross sections: EPOS LHC [14], QGSJET QXJGJJET 11-04 [16] and
SIBYLL 2.1 [17]. These models have been developed over many yaadsare based both on
older (Regge theory, Gribov’'s Regge Calculus) and newer concgyts, as perturbative QCD.
Central elements are mini-jets production and colour string fragmentation idtorsa The pro-
grams differ in the internal treatment of these concepts, as well as in th@eé&etof fragmentation,
saturation, multi-parton interactions, hadron remnant, etc..

Originally, these programs model hadron (proton, nuclei) interactions. tHepurpose of
comparison with the present data, all programs have been interfaced HERA ep scattering
kinematics via the PHOJET [18] program. All program simulations used focdngparison with
the data have been provided by the respective authnesadjustment of internal parameters was
made from the H1 side.

4. Results

4.1 TheW-Dependence of the Cross Sections

Figure 2 shows th&/-dependence of the normalised cross sections, for photons (Figure 2a
and neutrons (Figure 2b). The cross sections are within uncertaintistacw, at values of 0.027
and~ 0.083, respectively. The predictions of the CR Models for the photon ratalbabout 30-
40% too high and are not constant but show a falviglependence. Also in the case of the neutron
data, none of the CR models describe the data rate, although EPOS LHOGB®EQD 11-04 are
closer than SIBYLL and QGSJET 01; a slightdependence is also here seen in all predictions,
although weaker than in the photon case.
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Figure 2: The fraction of DIS events with forward photo(e and forward neutronf) as a function otW.
The CR model predictions are compared to the data.

4.2 The xg-dependence of the cross sections

The normalised cross sections differentialxinare shown for photons in Figure 3a and for
neutrons in Figure 3b. Only the distributions in W&interval 70— 130 GeV are given here, the
distributions in the two highai-intervals are similar.

2Thanks to T.Pierog, R.Engel and S.Ostapchenko.
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The CR model predictions for photons, also shown in Figure 3a, varytlifir the xg-
dependence, but are in general above the data for low values & the neutrorxs-dependence,
Figure 3b, the CR model predictions vary greatly and again EPOS LHC &®BURT 11-04 are
closer to the data than SIBYLL and QGSJET 01.

Since the CR models were concipated for hadronic interactions, a modif@divef QGSJET 01,
denoted “QGSJET 01 (no mi)” was also compared to the data; in this versi@fféuts of multi-
parton interactions are switched off, with the idea that this could be mor®ppaie for theep
DIS environment. However, while the “no mi” version shows almost no chamghe case of the
photon data, the description of the neutsgiadata is not only not improved, but the dependence
instead becomes significantly harder at large valueg of

Forward Photons 70 <W <130 GeV. Forward Neutrons 70 <W < 130 GeV
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Figure 3: Normalised cross sections of forward pho{@ahand forward neutroiib) production in DIS, as a
function ofxg in theW-interval 70— 130 GeV. The CR model predictions are compared to the data.

4.3 Test of Feynman Scaling

The measured cross sections, differentiaWrnand xg, offer the possibility of performing a
direct experimental test of the Feynman Scaling hypothesis [19]. For tinpope thedo /dxe-
distributions in the two higheW-intervals, 130-190 and 190-245 GeV, are divided with the cor-
respondingdo /dxe-distributions in the lowesiV-interval, 70-130 GeV. The resulting ratios, as a
function of x, are shown for photons in Figures 4a,b and for neutrons in Figures B¥éithin
errors the ratios are compatible with unity, i.e. thedistributions for both neutrons and photons
stay practically unchanged with increasig confirming the approximate validity of the hypothe-
sis. This is the first direct experimental test of Feynman Scaling for fatywagroduced neutrons
and photons at HERA.

The predictions of the CR models show here a mixed behaviour. All modelsewatption
of SIBYLL 2.1, are compatible with Feynman Scaling in the case of neutrosiuyotan. However,
in the case of photon production, all models violate the scaling hypothesiwjrgih decreasing
ratios with increasingV. This effect is strongest for SIBYLL 2.1 and the QGSJET models, while
EPOS LHC is closer to the data.

In previous analyses [3, 4] the neutron and photon data were shovemfions the hypothesis
of Limiting Fragmentation [20]. The hypotheses of Limiting Fragmentation aneeghfman Scal-
ing both stem from the same time, late 1969, and both hypotheses werewaitdandependently.
They are based on the same simple fact, namely the Lorentz contraction eftimepgoojectile, and
both hypotheses aim at finding regularities in multi-particle production at megrgees. While the
hypothesis of Limiting Fragmentation states that single particle momentum distribatidrigh
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Figure 4: Ratios of normalised cross sections of forward photon petidn in DIS corresponding to two
different W intervals, as a function ofg: respectively the ratio of the cross section in the 13W <
190 GeV(a) and 190< W < 245 GeV/(b) interval to the cross section in the 20W < 130 GeV interval.

Predictions of the CR models are compared to the data.
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Figure 5: Ratios of normalised cross sections of forward neutron petidn in DIS corresponding to two
different W intervals, as a function ofg: respectively the ratio of the cross section in the 13W <
190 GeV(a) and 190< W < 245 GeV(b) interval to the cross section in the Z0W < 130 GeV interval.
Predictions of the CR models are compared to the data.

energy are limited by functions solely dependent on transverse momentlna@dity, Feynman
Scaling states independence of particle distributions at high energy wipesssed as functions
of transverse momentum and Feynmaonrly. Since the variables rapidity and Feynmaare re-
latecP, the two hypotheses are equivalent. It is therefore not unexpectethéhsame neutron and
photon data in the present direct experimental test confirm the hypotfdseynman Scaling.

5. Question from the Audience

Q: Can this comparison of model calculations with data tell us something aboutlitigyvaf
the assumptions in the various models and help to improve the models ?

A: These models have all a long development history. See e.g. the recevieavgiven by

T.Pierog [21]. In fact, the model which in the present comparison with daés ghe best result,
namely EPOS LHC, has recently been improved, using new data from theelkp€riments. In
earlier versions, the program did not compare so well with data. Thperiemental data at high
energies are a great help in the development of these Cosmic Ray airshodels.

3The relation betweers and rapidityy is xr = 2u/WsinHy), u=/pé+m2.
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