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Abstract. Data from the recent measurements of very forward baryon and photon production with the H1 and
ZEUS detectors at electron-proton collider HERA are presented and compared to the theoretical calculations
and Monte Carlo models.
Results are presented of the production of leading protons, neutrons and photons in deep inelastic scattering
(ep → e′pX, ep → e′nX, ep → e′γX) as well as the leading neutron production in the photoproduction
of dijets (ep → e j jXn). The forward baryon and photon results from the H1 and ZEUS Experiments are
compared also with the models of the hadronic interactions of high energy Cosmic Rays. The sensitivity of the
HERA data to the differences between the models is demonstrated.

1 Introduction

The QCD hardness scale for secondary particles produc-
tion in semi-inclusive deep inelastic scattering (DIS) grad-
ually decreases from the photon virtuality,Q2, which de-
termines the hard scale in the virtual photon fragmenta-
tion (current) region, to a soft hadronic scale in theproton
fragmentation region. In the processes with lowQ2 (pho-
toproduction) the hard scale of the interaction can be guar-
anteed by the presence in the final state of the hadronic
jets or heavy quarks. Particle production at very small an-
gles with respect to the proton beam direction(forward
direction) in a process with a hard scale provides a test-
ing ground for the theory of strong interactions in the soft
regime and is important for the theoretical understanding
of proton fragmentation.

Measurements of forward particles also provide im-
portant constraints for the modelling of the high energy
air showers and thereby are very valuable for the under-
standing of high energy Cosmic Ray data [1].

In this presentation, the recent results of the H1 and
ZEUS Collaborations of the forward proton, neutron and
photon production in electron-proton and positron-proton
interactions at HERA collider are reported.

2 Leading Baryons at HERA

In ep scattering at HERA a significant fraction of events
contains in the final state a proton or a neutron, which
carry a large fractionxL of the incoming proton energy.
Although a fraction of theseleading baryons (LB) may
result from the hadronisation of the proton remnant, the
t-channel exchange of the colour singlet virtual particles
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(corresponding to the diagram shown in Figure 1) is ex-
pected to contribute significantly [2–5]. The production
of theleading neutron (LN) in the virtual exchange model
occurs through the exchange of isovector states, andπ+

exchange is expected to dominate. For theleading pro-
ton (LP) production, isoscalar exchanges also contribute,
including diffractive Pomeron mediated interactions.
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Figure 1. Leading baryon productionep → eXN via the colour
singlet exchange processes.

In the simple exchange picture, the cross section is fac-
torised into two parts (vertex factorisation): one factor de-
scribes the probability of the ‘emission’ of a colour neutral
object from the beam proton, the other describes the scat-
tering of virtual photon with the exchanged particle. For
instance, the cross section of LN production viaπ+-meson
exchange can be written as

dσγ∗p→nx = fπ/p(xL, t) × dσγ∗π→X . (1)

Here fπ/p is the flux of virtual pions in the proton, which
is constrained from the low energy hadronic data. Such a
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reaction can thus be used to probe the partonic structure of
the exchanged pion.

In order to measure the leading protons and neutrons,
the H1 and ZEUS Experiments have been equipped with
dedicated detectors. The protons were measured with
position sensitive detectors (Roman Pots) placed along
the proton beam downstream of the interaction point.
The neutrons were measured with lead-scintillator forward
calorimeters (FNC) at the zero-degree point; magnet aper-
tures limited neutron detection to scattering angles less
than 0.75 mrad

2.1 Leading Proton and Leading Neutron cross
sections as a function of xL

The cross section of LP production in DIS normalised to
the inclusive DIS cross section (1/σtot · dσLP/dxL), mea-
sured as a function of the longitudinal momentum fraction
xL of the scattered proton, is shown in Figure 2 [7]. Here
xL = Ep/Ebeam

p , whereEbeam
p is the energy of a beam pro-

ton. The LP rate is approximately flat up to the diffractive
peak atxL ∼ 1, where it increases by a factor of about six.
In the upper part of Figure 2 the distribution is compared to
the predictions of Monte Carlo (MC) models DJANGOH
[8] and RAPGAP [9], which are based on standard frag-
mentation. These models don’t reproduce the flat depen-
dence of the cross section below the diffractive peak. The
same data are compared to a Regge-based model [6] which
incorporates the isovector and isoscalar exchanges and in-
cludes the Pomeron exchange for diffraction. A good de-
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Figure 2. Normalised leading proton production cross section in
DIS as a function ofxL, compared to the Monte Carlo models
(up) and Regge-based model [6](bottom).
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Figure 3. Differential cross section of the leading neutron pro-
duction as a function ofxL in the angular rangeθn < 0.75 mrad
in DIS, in the phase space defined by the photon virtuality 6<
Q2 < 100 GeV2 and the inelasticity 0.02 < y < 0.6 (up) and in
the photoproduction of dijets in the kinematic range defined by
Q2 < 1 GeV2 and the jet transverse energies and pseudorapidities
E jet1(2)

T > 7.5 (6.5)GeV,−1.5 < η jet1,2 < 2.5 (bottom). Predictions
of the MC simulations are compared with the measurements.

scription of thexL distribution is obtained by adding a
substantial contribution of isoscalar Reggeon exchanges,
which turn out to be the dominant processes below the
diffractive peak.

Figure 3 shows the cross sections of LN production as
a function ofxL in DIS [10] and in the photoproduction of
dijets [11]. The DIS measurement is compared with the
prediction of RAPGAP MC [9], which here generates ex-
clusively theπ+-exchange process, and the standard frag-
mentation model is simulated with DJANGOH [8]. For the
comparison with the photoproduction data, the RAPGAP
simulation incorporates the standard fragmentation and
the π+-exchange processes. The photoproduction mea-
surement is also compared with the PYTHIA MC [12],
which includes the simulation of soft colour interactions
(SCI) [13], in which the production of diffraction-like con-
figurations is enhanced via non-perturbative colour rear-
rangements between the outgoing partons. Both distribu-
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tions are well described by the combination of the standard
fragmentation andπ+-exchange models. At largexL val-
ues the contribution fromπ+-exchange dominates.

Figure 4 compares thexL distributions for the lead-
ing protons and neutrons restricted to the samepT range
(p2

T < 0.04 GeV2). If the LP production proceeded only
through isovector exchange, as LN production must, there
would be half as many LP as LN. The data instead has ap-
proximately twice as many LP as LN. Thus, exchanges of
particles with different isospins such as isoscalars must be
invoked for LP production.
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Figure 4. The rate 1/σincdσLB/dxL for the leading proton (dots)
and the leading neutron (open circles) production in DIS re-
stricted top2

T < 0.04 GeV2 range.

2.2 Leading Neutron xL and p2
T cross sections in

DIS

The measurement of the double differential cross sec-
tion of LN production in DIS as a function ofxL and
the squared transverse momentump2

T of the neutron is
shown in Figure 5 [14]. The best description of the data
is achieved by the combination of the standard fragmenta-
tion andπ+-exchange models, similar to the single differ-
ential xL distribution shown in Figure 3. Assuming the
dominance of theπ+-exchange mechanism for LN pro-
duction the shape ofp2

T (or the squared four momentum
transfer at proton vertext) distribution is directly related
to the pion flux fπ/p (see Eq.1). Since thep2

T distribu-
tions from Figure 5 have almost exponential shapes in
all xL bins, they can be fitted by an exponential function
a(xL) exp (−b(xL)p2

T ). The obtained values of thep2
T slope

parameters inxL bins, b(xL), are shown in Figure 6 to-
gether with the slopes obtained using the different param-
eterisations of the pion flux [3–5, 15, 16]. Most of the
shown predictions describe the data within uncertainties.

2.3 Leading Baryon production rate in DIS

It is instructive to investigate the relative yield of the
leading baryon production as a function of the DIS kine-
matic parameters, with respect to the inclusive DIS events.
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Figure 5. Double differential cross section of the leading neutron
production in DIS as a function ofp2

T andxL of the neutron. Data
are compared with predictions of the RAPGAP pion exchange
and DJANGOH MC simulations as well as combination of those
two simulations.
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Figure 6. b-slopes of thep2
T distributions of the leading neu-

trons in DIS compared with the different parameterisations of
pion flux.

The hypothesis of limiting fragmentation suggests that the
production of leading baryons in the proton fragmenta-
tion region is independent of the photon virtualityQ2 and
Bjorken x variable. Figure 7 displays the LP production
raterLP as a function ofx in bins Q2 and Figure 8 shows
the ratio of semi-inclusive structure function of the leading
neutron productionFLN

2 to the proton structure functionF2

(i.e. the LN production rate) as a function ofQ2 in bins of
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x and xL. The ratios are almost independent ofx andQ2,
as expected from the hypothesis of limiting fragmentation.
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2.4 Photoproduction of dijets with LN

The photoproduction of dijets in events with LN is mea-
sured in the kinematic range defined byQ2 < 1 GeV2 and
the jet transverse energies and pseudorapiditiesE jet1(2)

T >

7.5 (6.5) GeV,−1.5 < η jet1,2 < 2.5. The differential cross
sections as a function of the event variablesxOBS

γ , xOBS
p and

W are presented in Figure 9. Here,xOBS
γ andxOBS

p are re-
spectively the fractions of the four-momenta of the photon

and the proton, which participate in the hard interaction,
andW is the centre-of-mass energy of theγp system. Also
shown are the cross sections of inclusive photoproduction
of dijets and the ratios of the dijet cross sections calculated
with the requirement of LN in the final state to the inclu-
sive dijet cross sections. As one can see from the ratio dis-
tributions, the LN sample has a significantly smaller con-
tribution at low xOBS

γ . The cross sections are roughly flat
as a function ofW; the yield exhibits a decrease with in-
creasingW andxOBS

p . For the LN sample, RAPGAP over-
estimates the cross section at lowxOBS

γ while PYTHIA-
SCI underestimates the cross section at highxOBS

γ . Neither
model can reproduce the dependence of the neutron yield
on xOBS

γ andW. The RAPGAP model predicts a small de-
crease of the neutron yield withxOBS

p , 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 9. Differential cross sections of dijet photoproduction
with leading neutrons and inclusive dijet photoproduction as a
function of xOBS

γ , W and log10(xOBS
p ). The ratios between cross

sections are also given.

2.5 Comparison of Forward Baryon results from
HERA with Cosmic Ray interaction models

The measurements of forward particles at HERA may pro-
vide valuable information for the physics of ultra-high en-
ergy Cosmic Rays (CR). The models which are used for
CR analyses can be used to make predictions for HERA
kinematics, which then can be compared to the exper-
imental measurements. Here the comparisons are pre-
sented of HERA measurements with the several models
of hadronic interaction developed for the simulation of
air shower cascades: EPOS [17], QGSJET 01 [18, 19],
QGSJET II [20, 21] and SIBYLL [22, 23].
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Comparison of the leading proton and the leading neu-
tron spectra measured at HERA with the predictions of the
CR models [24] are shown in Figure 10. While all tested
models give reasonable description of the leading proton
data, they differ significantly in the predictions for the
leading neutrons. Thus, HERA forward particle measure-
ments are sensitive to the differences between the models
and can be used for further tuning of model parameters.
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Figure 10. Comparison of the leading neutron(up) and the lead-
ing proton(bottom) xL distributions measured in DIS at HERA
with the predictions of the Cosmic Ray interaction models. (The
LN data from [10] are normalised to the total inclusive DIS cross
section in the quoted kinematic range.)

3 Forward photon spectra in DIS

The production of photons at very small angles with re-
spect to the proton beam direction is studied in DIS at
HERA [25] by the H1 Experiment. The forward photons
are measured in the electromagnetic section of the FNC
calorimeter.

For the most energetic forward photon in the pseudora-
pidity rangeη > 7.9 (leading photon) the cross sections are
presented as a function of its transverse momentumplead

T
and longitudinal momentum fraction of the incoming pro-
ton xlead

L . In Figure 11 the data are compared with DJAN-
GOH [8] MC model predictions, in which higher order
QCD effects are simulated using leading log parton show-
ers as implemented in LEPTO [26], or using the Colour
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Figure 11. The normalised cross sections for the production of
forward photons in the pseudorapidity rangeη > 7.9 in DIS in
the kinematic region 6< Q2 < 100 GeV2 and 0.05 < y < 0.6
as a function of the transverse momentumplead

T and longitudi-
nal momentum fractionsxlead

L of leading photon. The ratios of
the measured cross sections to the LEPTO and CDM MC model
predictions are shown in the right sides of the plots.

Dipole Model (CDM) as implemented in ARIADNE [27].
In Figure 12 the measurements are also compared with the
predictions of Cosmic Ray hadronic interaction models.
All models overestimate the total rate of forward photons.
The shapes of measured distributions are well described
by LEPTO. CDM predicts harderxL and pT spectra. The
QGSJET models predict slightly softer spectra, while the
EPOS and SIBYLL models predict harderxL spectra, but
reasonably describe the shape ofpT distribution.

The normalised forward photon production cross sec-
tion as a function of virtual photon-proton centre-of-mass
energy,W, is shown in Figure 13. It is determined as the
ratio of the cross section of forward photon production to
the inclusive DIS cross section in eachW bin. Within un-
certainties, the measured ratio is consistent with a constant
value, suggesting that the shapes of theW distributions
are similar for inclusive DIS events and events which con-
tain forward photons. The measurements are compared
with the MC predictions of DIS models and the models of
hadronic interactions (EPOS, SIBYLL and two versions
of QGSJET). The models indicate slightW dependence of
the ratios.

3.1 Analysis of Feynman scaling with the forward
photons

The forward photon production has been studied also as a
function of Feynman-x variable. This variable is defined
as xF = 2p∗

||
/W, wherep∗

||
is the longitudinal momentum

of forward photon in the CMS frame of the virtual pho-
ton - proton system. This measurement allows the Feyn-
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Figure 12. The normalised cross sections for the production of
forward photons in the pseudorapidity rangeη > 7.9 in DIS in
the kinematic region 6< Q2 < 100 GeV2 and 0.05< y < 0.6
as a function of the transverse momentumplead

T and longitudi-
nal momentum fractionsxlead

L of leading photon. The ratios of
the measured cross sections to Cosmic Ray hadronic interaction
model predictions are shown in the right sides of the plots.

man scaling, which predicts the independence ofxF dis-
tributions from the total centre-of-mass energyW, to be
tested. Figure 14 shows the measuredxF cross sections
for forward photons in threeW intervals, normalised to
the inclusive DIS cross section in correspondingW inter-
vals. The measurements are compared to the predictions of
Cosmic Ray interaction models. The differences between
the measurements and predictions have similar behaviour
as forxlead

L distributions shown above in Figure 12. In or-
der to study the energy dependence ofxF distributions in
details, the ratios are made of thexF cross sections in dif-
ferentW intervals. The ratios of thexF cross sections in
the ranges 130< W < 190 GeV and 190< W < 250 GeV
to that in the range 70< W < 130 GeV, are shown in the
upper and lower plots of Figure 15, respectively. The ra-
tio distributions for the data are consistent with the unity
within uncertainties, confirming the validity of Feynman
scaling for forward photon production in the measured
kinematic range. A similar behaviour is predicted by CDM
and LEPTO MC models. The CR models indicate the de-
viations from the scaling, i.e. the rate of forward photons
becomes lower with increasing energyW.

4 Summary

The production of the forward protons, neutrons and pho-
tons has been studied in DIS, and the production of leading
neutrons in the photoproduction of dijets.

The contributions from the fragmentation processes
and from the exchange of colour-neutral particles are re-
quired to describe the leading baryon data. Thep2
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Figure 13. The fraction of DIS events with forward photons in
the kinematic region 6< Q2 < 100 GeV2 and 0.05< y < 0.6 and
the pseudorapidity of the photonη > 7.9. as a function ofW. The
predictions of MC models are compared to the measurements.

tra of the forward neutrons show sensitivity to the pion
flux parameterisations. The hadronic interaction models
of Cosmic Rays describe well the leading proton data, but
differ in the predictions for leading neutron energy spectra.

The production of the forward photons has been stud-
ied in DIS as a function of the longitudinal momentum
fraction xL, the transverse momentumpT and Feynman-
x variable. Predictions of all tested Monte Carlo models
overestimate the rate of forward photon production. The
models predict different spectra inxL andpT ; none of them
can describe the forward photon data in rate and in shape.
Within the measured kinematic range thexF spectra are
insensitive to the virtual photon-proton centre-of-mass en-
ergyW, confirming the validity of Feynman scaling.

The present measurements may lead to further under-
standing of proton fragmentation in collider and Cosmic
Ray experiments.
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Figure 14. Normalised cross sections of forward photon pro-
duction in DIS as a function ofxF in the regionη > 7.9,
6 < Q2 < 100 GeV2 a and 0.05 < y < 0.6 in threeW intervals.
The data are compared to predictions of Cosmic Ray hadronic
interaction models.
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