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Recent measurements of the forward neutron and forward photon production in
deep-inelastic scattering obtained by the H1 and ZEUS Collaborations are pre-
sented. Results are compared with different Monte Carlo models which are com-
monly used for simulations of deep-inelastic scattering processes and cosmic ray air

showers.

1 Introduction

Particle production at very small angles with respect to the proton beam direction (for-
ward direction) in a process with a hard scale provides a testing ground for the theory
of strong interactions in the soft regime and is important for the theoretical understand-
ing of proton fragmentation. Measurements of forward particles also provide important
constraints for the modelling of the high energy air showers and thereby are very valu-
able for the understanding of high energy cosmic ray data [1]. Here the recent results
of the H1 and ZEUS Collaborations of the forward neutron and photon production in
electron-proton and positron-proton interactions at HERA collider are reported.

2 Forward neutrons in DIS and in the photoproduction of dijets

The measurements of events with neutrons carrying a large fraction xy of the incident
proton beam energy in ep scattering at HERA [2]-[9] has led to renewed interest in the
QCD evolution and factorisation properties of proton fragmentation to leading neutrons
(LN). The process leading to such events, ep — ¢'nX is illustrated in Fig. la. Although
a fraction of these LNs may result from the hadronisation of the proton remnant, the
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Figure 1: (a) Generic diagram for leading neutron production ep — ¢'nX in deep-inelastic
scattering. (b) A diagram for the dijet production process ep — ¢’ +n + jet + jet + X
assuming this proceeds via pion exchange.

t-channel exchange of colour singlet virtual particles like the one illustrated in Fig. 1b is
expected to contribute significantly [10]-[14]. In this picture, the proton fluctuates into a
a state consisting of a positively charged pion and a neutron p — nn™; the virtual photon
subsequently interacts with a parton from the pion, leaving a fast forward neutron in the
final state. In the simple exchange picture, the cross section factorises into two parts:
one factor describes the proton fluctuation into a nzw™t state, the other describes the
photon-pion scattering, so that the LN production is largely independent of the variables
describing the photon vertex (vertex factorisation). The cross section can be written
as doy+psnz = fr/p(vr,t) X doy<zx. Here fr,, is the flux of virtual pions in the
proton, a factor constrained from low energy hadronic data; 1, ~ E,,/E, is the neutron
longitudinal momentum fraction and ¢ is the four-momentum transfer squared at the
proton vertex.

The H1 and ZEUS experiments measured the LN production in deep-inelastic scat-
tering (DIS) and photoproduction events. These neutrons were measured with lead-
scintillator forward calorimeters (FNC), situated at a zero degree polar angle at 106 m
from the H1 and ZEUS interaction points, after the proton beam was bent vertically;
magnet, apertures limited neutron detection to scattering angles less than 0.75 mrad.

Figure 2 shows the cross sections of LN production as a function of zz in DIS [§],
in the phase space defined by the photon virtuality 6 GeV? < Q% < 100 GeV? and the
inelasticity 0.02 < y < 0.6, and in the photoproduction of dijets [7], in the kinematic
range defined by Q% < 1 GeV? and the jet transverse energies and pseudorapidities
ngtl(z) > 7.5 (6.5)GeV, —1.5 < npf¢*2 < 2.5, The measurements are compared with
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Figure 2: Differential cross section of forward neutron production as a function of =,
in the angular range 6,, < 0.75 mrad in DIS (left) and in the photoproduction of dijets
(right). Predictions of the MC simulations are compared to the measurements.

the Monte Carlo (MC) simulations. The DIS measurement is compared with the pre-
diction of RAPGAP MC [16], which generates exclusively the mT-exchange process, and
the standard fragmentation model simulated with DJANGOH MC [15]. For the compar-
ison with the photoproduction data, the RAPGAP simulation incorporates the standard
fragmentation and the mt-exchange processes. The photoproduction measurement is also
compared with the PYTHIA MC, which includes the simulation of soft colour interactions
(SCI) [17], in which the production of diffraction-like configurations is enhanced via non-
perturbative colour rearrangements between the outgoing partons. Both distributions
are well described by the combination of the standard fragmentation and m+-exchange
models. At large x1, values the contribution from 7T -exchange dominates.

2.1 Leading Neutron z; and p? cross sections in DIS

The measurement of the double differential cross sections of LN production in DIS as
function of 7, and the neutron transverse momentum squared p2 [9] is shown in the
left side of Fig. 3. The best description of the data is achieved by the combination of
the standard fragmentation and 7w -exchange models, similar to the single differential
zy, distribution shown in the left side of Fig.2. Assuming vertex factorisation the p2.
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Figure 3: (Left) Double differential cross section of forward neutron production as a
function of p2 and xy, of the neutron. Data are compared with predictions of the RAP-
GAP pion exchange and DJANGOH MC simulations as well as combination of those two
simulations. (Right) b-slopes of the p2. distributions of forward neutrons compared with

different pion flux parameterisations.

distribution is directly related to the pion flux. The p3. distributions can be fitted by
an exponential function a(xy)exp (—b(xy)p%) in each zy bin. The obtained values of
the p% slopes (parameter b(z 1)) are shown in the right side of Fig. 3 together with the
several parameterisations of the pion flux. Most of the shown predictions describe the
data within uncertainties.

2.2 Photoproduction of dijets with LN

The dijet photoproduction cross sections in events with and without the LN requirement
are measured for jets in the phase space described in section 2 [7]. The fraction of
dijet events which contain a LN in the measured kinematic region is 6.63 + 0.07(stat.) £+

0.20(syst.)%. The differential cross sections as functions of the event variables z95%,
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Figure 4: Differential cross sections of dijet photoproduction with leading neutrons and
inclusive dijet photoproduction as functions of :c,?BS , W and loglo(:rgBS ). The ratios

between cross sections are also given.

OB

xy S and W are presented in Figure 4. Here, z

QBS and x

I?BS are respectively the

fractions of the four-momenta of the photon and the proton which participate in the
hard interaction and W is the centre-of-mass energy of the yp system. The LN sample
has a significantly smaller contribution at low x?BS . The cross sections are roughly flat
as a function of W; the yield exhibits a decrease with increasing W and :v]?BS . For
the LN sample, RAPGAP overestimates the cross section at low xf?BS while PYTHIA-
SCI underestimates the cross section at high :U?BS . Neither model can reproduce the
dependence of the neutron yield on ach S and W. The RAPGAP model predicts a small

OBS
p

decrease of the neutron yield with z , which however is less pronounced than in the

data. This dependence of the neutron yield indicates a violation of vertex factorisation.
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Figure 5: (left) Differential cross sections as a function of zj, for dijet photoproduction
and for DIS. Both distributions are normalised by their respective cross sections without
requirement of LN. (right) Exponential slopes b versus z, from fits of the p% distributions.
The solid points are for dijet photoproduction, the open points for DIS.

2.3 Comparison of LN production in DIS and in the dijet photoproduction

The left side of Figure 5 presents the normalised zj distribution of LN in dijet photo-
production [7] and in inclusive DIS with Q% > 2 GeV? [6]. The yield of neutrons from
dijet photoproduction agrees with that in DIS at low x; < 0.4, but is lower at higher
xr. For zp > 0.8 the yield in dijet photoproduction is more than a factor of two lower
than in inclusive DIS. The RAPGAP MC predicts the shapes of distributions fairly well.
After normalising each prediction to its respective data set RAPGAP provides a fair
description of the drop of the neutron yield with z, in dijet photoproduction relative to
that in DIS. The right side of Figure 5 shows the exponential p% slopes b(xy) for dijet
photoproduction and inclusive DIS. They are similar in magnitude and both rise with
xr,. Although the slopes rise somewhat faster with x, in the dijet photoproduction data,
there is no statistically significant difference between the two sets except for x > 0.9.

3 Forward photon spectra in DIS

The production of photons at very small angles with respect to the proton beam direction
is studied in DIS at HERA [18] by the H1 Experiment. The analysis covers the kinematic
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range of 6 GeV? < Q% < 100 GeV? and 0.05 < y < 0.6. The forward photons are
measured in the FNC calorimeter.
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Figure 6: The normalised cross sections for the production of forward photons in the

pseudorapidity range n > 7.9 in DIS in the kinematic region 6 < Q% < 100 GeV? and

0.05 < y < 0.6 as a function of the longitudinal momentum fraction z{¢2¢ of the leading

photon.
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Figure 7: The normalised cross sections for the production of forward photons in the
pseudorapidity range n > 7.9 in DIS in the kinematic region 6 < Q? < 100 GeV? and

0.05 < y < 0.6 as a function of the transverse momentum of the leading photon p'??.

For the most energetic forward photon in the pseudorapidity range n > 7.9 the cross

sections are presented as a function of its transverse momentum plfad and longitudinal

momentum fraction of the incoming proton z{%¢ (Figures 6-7). The data are compared
with DJANGOH [15] MC model predictions, in which higher order QCD effects are
simulated using leading log parton showers as implemented in LEPTO [19], or using the
Colour Dipole Model (CDM) as implemented in ARTADNE [20]. The measurements
are also compared with the predictions of several hadronic interaction models which

are commonly used for the simulation of cosmic ray air shower cascades: EPOS [21],
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QGSJET 01 [22], QGSJET I1-03 [23] and SIBYLL [24]. The ratios of the MC predictions
to the measured cross sections are also shown.

All models overestimate the total rate of forward photons. The shapes of measured
distributions are well described by LEPTO. CDM predicts harder zj and pp spectra.
The QGSJET models predict slightly softer spectra. The EPOS and SIBYLL models
predict harder x, spectra, but reasonably describe the shape of pr distribution.

4 Summary

The production of leading neutrons has been studied in DIS and in the photoproduction
of dijets. The contributions from fragmentation processes and from the exchange of
colour-neutral particles such as 7+ are required to describe the LN data. The p2 spectra
of forward neutrons show sensitivity to the pion flux parameterisations.

The production of forward photons has been studied in DIS as a function of the
longitudinal momentum fraction z; and the transverse momentum pr. Predictions of
Monte Carlo models overestimate the rate of forward photon production. All these
models predict different spectra in x; and pr; none of them can describe the photon
data in rate and in shape.

The present measurements may lead to further understanding of proton fragmentation
in collider and cosmic ray experiments.
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