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Bestimmung der Produktion vorw�arts gestreuter Neutronen in
tie�nelastischer ep�Streuung bei HERA

Beim H� Experiment am HERA Beschleuniger wurden Neutronen� die unter einem
kleinen Winkel ��mrad � � �� ���mrad� in tie�nelastischer Streuung produziert wurden�
nachgewiesen	 Dazu wurde ein Kleinwinkel
Kalorimeter benutzt� welches ���� einge

baut wurde	 Vorgestellt wird die Messung des semi
inklusiven Wirkungsquerschnittes
d��ep � enX���dxdQ�dE �� f�ur die Produktion von Neutronen mit einem Transver

salimpuls pT � ��MeV im kinematischen Bereich von GeV� � Q� � ��GeV��
� ����� � x � � ����� und ���GeV � E � � Ep� wobei E

� die Energie des Neutrons und
Ep � ��GeV die des Protonstrahles bezeichnen	 Verschiedene Produktionsmecha

nismen werden dem Ergebnis gegen�ubergestellt und ihre Vorhersagen �uberpr�uft	 Die
Neutronen
Daten werden mit einer �ahnlichen Messung der Produktion von f�uhrenden
Protonen verglichen	 F�ur Energiebruchteile ��� � E ��Ep � ��� stimmen beide semi

inklusive Wirkungsquerschnitte mit einem Regge
Modell �uberein� welches die Produk

tion von f�uhrenden Baryonen durch Pion
� Pomeron
 und Reggeonaustausch beschreibt	
Die Messung des Wirkungsquerschnittes f�ur die Produktion von Neutronen erm�oglicht
die erste Absch�atzung der Pion
Strukturfunktion bei kleinen Werten der Bjorkenva

riable x	

Measurement of Leading Neutron Production in Deep�Inelastic
ep Scattering at HERA

Deep�inelastic scattering events with a leading neutron have been observed by the H�
experiment at HERA using a forward neutron calorimeter	 The calorimeter has been
installed in ���� and covers scattering angles between �mrad and �

� ���mrad	 For the
�rst time at HERA� the semi�inclusive cross section d��ep� enX���dxdQ�dE �� for
the production of leading neutrons with transverse momenta pT � ��MeV has been
measured in the kinematic region GeV� � Q� � ��GeV�� � � ���� � x � � � ����
and neutron energy ���GeV � E � � Ep� where Ep � ��GeV is the proton beam
energy	 The data are used to test di�erent production models	 The neutron data
are compared to a similar measurement of leading proton production	 For fractional
energies ��� � E ��Ep � ���� both semi�inclusive cross sections can be described by
a Regge model of leading baryon production which consists of pion� pomeron and
reggeon exchanges	 The leading neutron data are used to estimate for the �rst time
the structure function of the pion at small Bjorken�x	





Animadverti jam ante aliquot annos qu�am multa�
ineunte aetate� falsa pro veris admiserim� � qu�am
dubia sint quaecunque istis postea superextruxi�
ac proinde funditus omnia semel in vit�a esse
evertenda �����

Several years have now elapsed since I 	rst be

came aware that I had accepted� even from my
youth� many false opinions for true� and that con

sequently what I afterward based on such prin

ciples was highly doubtful� and from that time
I was convinced of the necessity of undertaking
once in my life to rid myself of all the opinions I
had adopted �����

Ren�e Descartes� Meditationes De Prima Philo�
sophia� ����� Meditatio I	��
English Translation by John Veitch� ����	
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Introduction

Revealing the structure of matter is one of the key issues in modern physics	 The
construction of systems� e	 g	 galaxies� solid states or elementary particles� gives in

formation about the underlying physical forces and laws	 Whereas in the macroscopic
world the structure can be often seen directly with the naked eye� in the microscopic
world of subatomic and subnuclear particles� most of the information is obtained by
means of scattering experiments with highly energetic beams	
At the HERA accelerator� the structure of the proton is probed using high�energy

beams of electrons and protons	 The process of deep�inelastic scattering of the electron
o� the proton allows to study the partonic structure of the nucleon	 The proton� as
we understand it nowadays� is composed of quarks� antiquarks and gluons� which are
assumed to be point�like objects	 After many experiments� which started in the late
�����s� the structure of the proton can be parameterized in terms of parton distribution
functions� which give the probability of �nding an �anti��quark or gluon with a certain
momentum fraction inside the proton	 Are these partons homogeneously and indepen

dently distributed over the full size of the proton or are there correlations between the
di�erent type of components� Hadronic correlations in the proton in form of virtual
pions are believed to play a very important dynamical role in the nucleon structure�
e	 g	 within the time allowed by the uncertainty principle� the proton might �uctuate
into a state consisting of a pion and a neutron	 Consequentially the question arises�
is it possible to probe the structure of the pion inside the proton� Numerous theoret

ical works have suggested� that the production of highly energetic� forward neutrons
in deep�inelastic ep scattering is sensitive to the structure of the pion	 The produced
neutron tags the virtual pion� which is probed by the exchanged photon	
In order to study neutron production� a Forward Neutron Calorimeter was installed

in the H� experiment at the ep collider HERA in the beginning of ����	 The calorimeter
is located inside the HERA tunnel� approximately ���m away from the central part of
the H� detector	 This position allows to measure forward neutrons which are produced
with very small scattering angles	
This work will focus on the measurement of the semi�inclusive production cross

section of leading neutrons in deep�inelastic ep scattering using data obtained with
the H� detector in ����	 It is organized as follows� Chapter � gives an overview over
the theory of semi�inclusive deep�inelastic scattering and discusses the pion exchange
mechanism and alternative approaches for the production of leading neutrons	 The
HERA collider and the H� detector are brie�y described in Chapter 	 The construc

tion of the forward neutron calorimeter is covered in Chapter �� where special focus
is put on the acceptance� calibration and resolution of the detector	 The cross section
measurement is presented in Chapter �� The event selection and reconstruction� in

�
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particular the determination of the neutron�s energy spectrum� are discussed in de

tail	 In the last Chapter the result of this cross section measurement is presented and
compared to the predictions of Monte Carlo simulations� which are based on di�erent
production mechanisms	
The neutron data are compared to a similar analysis of leading proton production	

For high energies of the leading neutron or proton� both data sets can be described
by a Regge Model of leading baryon production� which consists of pion� reggeon and
pomeron exchanges	 The leading neutron data are used to estimate for the �rst time
the structure function of the pion at small Bjorken�x	



Chapter �

Deep�Inelastic Scattering with a

Leading Baryon

High energy scattering experiments of leptons on protons have a long and successful
tradition in resolving the internal structure of the proton	 Starting in the �����s the
measurement of elastic electron�proton scattering was used to determine the electro

magnetic form�factor of the proton� which is directly related to the charge distribution
and the magnetic moment of the proton	

In the late sixties� deep�inelastic scattering events� where the scattered electron
looses a large amount of energy� were observed at the Stanford Linear Accelerator Cen�
ter �SLAC�	 The experiments done at SLAC revealed� that the structure function of the
proton only depends on the scaling variable x� and shows nearly no dependence on the
four�momentum transfer Q� between the electron and the proton target �Blo��� Bre���	
This famous scaling behaviour had been predicted by Bjorken already in ���� �Bjo���	
The Quark Parton Model �QPM�� which was formulated by Feynman� gave an intu

itive explanation for the observation of scaling �Fey���	 The scaling variable x was
interpreted as the fractional momentum of the struck� point�like partons which were
identi�ed with the spin �� quarks	 Further experimental and theoretical progress
showed that the proton does not consist only of quarks �valence and sea quarks� but
that approximately half of the proton�s momentum is carried by gluons� which in
the framework of Quantum Chromodynamics �QCD� are identi�ed as the carrier of
the strong interaction	 Due to the fact that the strong force between two partons is
growing with increasing distance �the so called con�nement�� long range correlations
between the quarks and gluons inside the proton are prominent and can lead to the
formation of colourless hadronic �uctuations inside the proton	

Scattering processes on a long range scale� e	 g	 extended objects� are typically
characterized by little transfer of transverse momentum	 In Regge theory the scattering
o� a colourless hadronic �uctuation is described by the exchange of this colour�singlet
object leaving the remainder of the target in a non�excited state� mostly a proton or
a neutron	

The H� and ZEUS experiment at the ep collider HERA discovered large rapidity
gap events �ZEU��� H�C���� in which no particles are produced in the forward direction
except a low mass state� presumably a high�energy proton� which escapes through the
beam pipe undetected in the central detector	 These events are usually interpreted

�
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Figure ���� Schematic representation of inclusive deepinelastic scattering in
the QPM� The electron �e� interacts via an exchanged photon ���� with a
parton inside the proton �p�� In the in	nite momentum frame� xp can be
identi	ed with the initial momentum of the struck quark�

in terms of pomeron exchange �H�C��a� H�C��b� ZEU��� ZEU���	 The pomeron is a
virtual particle which carries the quantum number of the vacuum and does not exist
as a free particle	 Also mesonic �uctuations inside the proton contribute to the total
observed cross section	 The most prominent contribution is the pion� since it is the
lightest hadron	
Having these �uctuations� the deep�inelastic scattering process can take place on a

parton of the virtual pion inside the proton rather than on a parton� which belongs to
the �bare� proton	 The pion might be probed by the exchanged photon o�ering the
possibility of measuring the pion structure function in deep�inelastic ep scattering at
HERA	

��� Inclusive Deep�Inelastic Scattering

Nowadays inclusive deep�inelastic scattering �DIS� is extensively studied at the HERA
ep collider	 In the Quark Parton Model� this reaction can be understood as the elastic
scattering of the electron with a quark belonging to the proton	 The distributions of
the partons inside the proton can be determined by measuring only the energy and the
scattering angle of the outgoing electron	 Therefore this kind of measurement is called
inclusive	 At HERA one has the possibility of detecting in addition the hadronic �nal
state� providing a more accurate determination of the kinematic variables	

����� Kinematics of Inclusive DIS

The deep�inelastic scattering reaction is sketched in Figure �	�	 Neglecting the contri

bution of the weak interaction� the scattering of the electron o� the proton is� to lowest



��� Inclusive DeepInelastic Scattering �

order� mediated by the exchange of a virtual photon	 The struck parton hadronizes into
the current jet� whereas the rest of the target proton constitutes the proton remnant	
The kinematics of this process can be naturally described in the four�dimensional

Minkowski space	 The following notation is of common use��

k� k� four�momentum of the incoming and outgoing electron�
Ee� E

�
e energy of the electron before and after the scattering process��

p four�momentum of the proton in the initial state�
Ep energy of the incoming proton��
me� mp masses of the electron and proton respectively�
P sum of the four�momenta of the hadronic �nal state�
q � k � k� four�momentum of the virtual photon�
�e scattering angle of the electron����
s � �k  p�� squared centre�of�mass energy of the proton�electron system�
W � � �q  p�� squared centre�of�mass energy of the photon�proton system	

At �xed centre�of�mass energy
p
s� the inclusive event kinematics are completely de


�ned by two of the following three Lorentz invariant variables�

Q� � �q� � ��k � k��� � ��	��

x �
Q�

p � q �

y �
p � q
p � k �

which are related by Q� � sxy� if mass terms are neglected	 In the HERA laboratory
frame� the invariant variables can be expressed in terms of the beam energies and the
kinematic quantities of the scattered electron�

s � �EeEp � ��	�

Q� � �EeE
�

e cos
� �e

�

y � �� E �
e

Ee
sin�

�e

�

The equations are exact only to lowest order� e	 g	 in the absence of initial or �nal state
radiation �see Section �	��	
The quantities Q�� x and y can be intuitively illustrated	 Heisenberg�s uncertainty

principle relates Q�� the virtuality of the exchanged photon� to the minimal distance�
which can be resolved by the photon� ��

p
Q�	 Thus� with increasing Q� smaller

distances within the proton can be probed	 In a frame where the momentum of the
proton is much larger than its mass �in�nite momentum frame�� the scaling variable x
can be interpreted as the fraction of the proton momentum carried by the struck quark	
In the proton rest frame� y � �Ee�E �

e��Ee� which can be illustrated as the part of the
energy� which is transferred by the photon	 Therefore� y is called �inelasticity�	

�In this work� a system of natural units is used� whereby � � c � ��
�Quantities de�ned in the laboratory frame�
�In the HERA convention� scattering angles are de�ned with respect to the proton beam direction�
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����� The Structure of the Proton

For not too high Q� �Q� � m�
Z��� the contribution of the weak interaction to the deep�

inelastic scattering process can be neglected	 In this region ofQ� the double�di�erential
cross section can be parameterized by two structure functions F� and F�

��

d��ep

dx dQ�
�

����

xQ�

�
xy�F��x�Q

��  ��� y�F��x�Q
��
�

��	��

�
����

xQ�

�
�� y  

y�

��  R�x�Q���

�
F��x�Q

�� �

where � is the electromagnetic coupling constant and R � �F� � xF����xF�� is
the ratio between the absorption cross sections for longitudinally and transversely
polarized virtual photons	 The expectation of the QPM is� that R vanishes for spin �!
partons �Callan�Gross relation �Cal����	 QCD predicts deviations from zero� which is
in accordance with recent measurements �Tao��� NMC��� Yu���	
In the Quark Parton Model the structure function F� is expected to be independent

of Q� and can be related to the parton momentum distributions fi�x��

F��x� �
X

i�qj �	qj

e�ixfi�x� � ��	��

where the sum is over the quarks and antiquarks� and ei is their electric charge	

����� QCD Evolution and the Violation of Scaling

In the QPM the normalization of the parton distribution functions fi�x� is constrained
by the momentum sum rule� X

i

Z �




dx xfi�x� � � � ��	��

Measurements made in the seventies demonstrated that this sum rule is not ful�lled�
Quarks and antiquarks can only account for approximately half the proton momen

tum	 The experiments also showed that the scaling behaviour is only true for x � ��	
Outside this x region F� depends on Q

�� the scaling hypothesis is violated	 These devi

ations from the predictions of the QPM are explained by Quantum Chromodynamics	
QCD is the �eld theory of the strong interaction	 Quarks� which carry a colour

charge� interact by the exchange of a gluon	 Since also the gluons have a colour charge�
they interact with each other as well as with quarks	 The self�coupling of the gluon
�eld creates an anti�screening e�ect leading to a logarithmic decrease of the strong
coupling constant �s�Q

�� with increasing Q�	 Since �s�Q
�� � � for Q� � �� the

quarks appear to be free at very large Q�	 This property is called asymptotic freedom	
For low values of Q�� �s�Q

�� is large� The partons are con�ned in hadrons	
QCD gives an intuitive interpretation of the violation of the scaling behaviour	

As the virtuality Q�� with which the proton is probed by the photon� increases� �ner

�A derivation of this formula can be found in numerous textbooks� e� g� �Rob�	� Nac�	� Per
��
Pov��
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qj (y)

qi (x)

gi (y−x)

gj (y)

qi (x)

q
–

i (y−x)

gj (y)

gi (x)

g'i (y−x)

�a� �b� �c�

Figure ���� Vertices relevant to parton splitting functions� �a� Quarkgluon
vertex determining Pqq and Pgq� �b� Annihilation vertex which induces Pqg� �c�
Three gluon vertex determining Pgg�

structures within the proton are resolved	 A quark� which is seen at a certain Q� � Q�

�

might have radiated a gluon� when it is probed at a higher Q� 	 Q�

	 The quark has

lost momentum	 With increasing Q� more and more splitting processes occur	 Thus�
as Q� increases� the quark density at low x grows and the probability to �nd a quark
at large x decreases	
This physical picture can be quantitatively expressed by perturbative Quantum

Chromodynamics �pQCD�� For su�ciently small values of the strong coupling constant�
solutions to QCD may be expanded in a perturbation series of powers of �s�Q

��	
In pQCD the �anti��quark �qi�x�� "qi�x�� and gluon �g�x�� distributions evolve as a

function of Q�	 The dynamics of this evolution is described by the DGLAP equations
�Dokshitzer� Gribov� Lipatov� Altarelli� Parisi� �Gri�� Dok��� Alt���� which are given
in leading order �LO� by

dqi�x�Q
��

d lnQ�
�

�s�Q
��

�

Z �

x

dy

y

�X
j

qj�y�Q
��Pqiqj

�
x

y

�
 g�y�Q��Pqig

�
x

y

�	
��	��

dg�x�Q��

d lnQ�
�

�s�Q
��

�

Z �

x

dy

y

�X
j

qj�y�Q
��Pgqj

�
x

y

�
 g�y�Q��Pgg

�
x

y

�	
�

The splitting functions Pba�x�y� denote the probability for a parton a with fractional
proton momentum y radiating a parton b� which has a fractional momentum x 
 y	 The
relevant LO vertices� which determine the splitting functions� are shown in Figure �		

The DGLAP formalism permits� parton distributions� which are assumed to be
known for all x at a certain Q�


� to be predicted for all x at larger Q
� 	 Q�


	 However�
the equations cannot predict the x behaviour of the structure function	
In leading order� pQCD the structure function F� is like in the case of the QPM

closely connected to the quark and antiquark distribution functions�

F��x�Q
�� �

X
i

e�ix
�
qi�x�Q

��  "qi�x�Q
��
�
� ��	��

�In the DIS regularization scheme� Eq� ��� is valid to all orders�
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Figure ���� Measurement of the structure function F��x�Q
�� as a function ofQ�

at di�erent values of x� The 	gure combines data from H� �H�C��b� H�C��a��
NMC �NMC���� BCDMS �Ben��� and SLAC �Whi����

where the sum is over the di�erent quark �avours	 In next�to�leading order �NLO� in
the commonly used MS regularization scheme�� F� is also directly related to the gluon
density	

The high centre�of�mass energy at HERA allows one to measure the proton struc

ture function in a wide kinematic region not explored by the preceding �xed�target ex

periments	 Q� ranges from � �GeV� to � ��� ���GeV�� and x values of approximately
���� can be reached at small Q�	 Figure �	� shows the measurement of F��x�Q

�� made
by the H� collaboration together with the data from previous �xed�target experiments	

�The modi�ed minimal subtraction scheme� e� g� see �Rob�	�
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��� Semi�Inclusive DIS with a Leading Baryon

In a semi�inclusive measurement� the properties of an additional �nal state particle
besides the scattered electron are determined	 In part of the DIS events a high�energy
baryon �most likely a proton or neutron� is produced with a very small scattering angle	
These very forward baryons are subsequentially referred to as leading particles	
The kinematics of the semi�inclusive process ep� eNX� where N denotes a leading

nucleon� can be intuitively described in the particle�exchange picture	 The proton
exchanges a virtual particle which interacts with the electron� whereas the rest of
the proton composing the leading baryon acts as �spectator� �see Figure �	��	 The
de�nition of the kinematics is however general and does not depend on the underlying
physical model	

p (p) p',n (p')

 π,IR,IP

  X (X)
γ∗ (q)

e (k) e' (k')

Figure ���� Production of a leading proton or neutron in the particleexchange
picture� A pion� reggeon or pomeron is exchanged�

The four�momentum� energy� mass and transverse momentum of the leading baryon
is denoted by p�� E �� mN and pT respectively	 Besides the two inclusive kinematic
variables �e	 g	 x� Q�� the kinematics of the semi�inclusive process are described by
two additional variables�	 A Lorentz invariant choice of the kinematic variables is

z � �� xIP � �� q � �p� p��

q � p 	 E �

Ep
� ��	��

t � �p� p��� 	 �p
�
T

z
� ��� z�

�
m�

N

z
�m�

p

�
�

For pT �
p
p��� which is in general true for tiny scattering angles� z is equivalent to

the fractional energy of the leading baryon	 xIP can be identi�ed with the fractional

�The angle between the electron and baryon scattering plane is not considered here�



�� � DeepInelastic Scattering with a Leading Baryon

momentum of the exchanged object	 t� which is always a negative quantity� corresponds
to the four�momentum transferred between the proton and the �nal state baryon	 In
the particle�exchange picture t can be identi�ed with the squared four�momentum of
the exchanged particle	 Another useful variable is

� �
Q�

q � �p� p��
�

x

�� z
� ��	��

which can be interpreted as the Bjorken variable of the exchanged particle	
The mass of the central hadronic system X is related to the variable z� since

M�
X � �q  p� p��� � ��� z��W �  Q� �m�

p�  t�Q� 	 ��� z�W � � zQ� � ��	���

In analogy to the inclusive proton structure function F�� the four�fold di�erential
cross section for baryon production can be parameterized by a semi�inclusive structure
function� F

LB���
� � de�ned by

d���ep� eNX�

dx dQ� dz dt
�
����

xQ�

�
�� y  

y�

��  R�x�Q�� z� t��

�
F
LB���
� �x�Q�� z� t� � ��	���

Since � � x���� z� this equation can be rewritten with respect to ��

d���ep� eNX�

d� dQ� dz dt
�
����

� Q�

�
�� y  

y�

��  R���Q�� z� t��

�
F
LB���
� ���Q�� z� t� � ��	��

The structure function F
LB���
� is denoted by F

LP ���
� and F

LN���
� for the semi�inclusive

processes which have �nal state protons and neutrons respectively	

��� Hadron�Hadron Interactions

In hadronic interactions the appropriate QCD scale is given by the momentum trans

ferred	 For large momentum transfer� which is referred to as hard interaction� the
strong coupling constant is small� which allows one to apply pQCD	 However� the bulk
of the hadronic interactions take place at low momentum transfer� where a perturba

tive calculation is not possible due to large �s�Q

��	 In this non�perturbative regime�
one has to rely on phenomenological approaches	 Regge theory provides a powerful
apparatus being able to describe soft hadronic cross sections	

����� Regge Theory in a Nutshell

Since the postulation of the pion by Yukawa in ���� �Yuk���� the interaction between
hadrons� in particular nucleons� has been attempted to be described by meson ex

change models	 In the One�Pion�Exchange �OPE� model �see �Dre���� the scattering
amplitude corresponds to the exchange of a particle with �xed angular momentum	
The Regge theory of potential scattering �Reg��� provides a further development of
this concept	 The angular momentum is treated as a continuous complex variable and
the scattering amplitude is associated with the exchange of a Regge trajectory of com

posite particles	 This formalism permits to avoid divergences which are present in the
OPE model	 Detailed and comprehensive reviews of Regge theory can be found in�
for example� �Col��� Kai��� Alb��� Gou���	 Here only some relevant results are brie�y
summarized	
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t channel

s channel

0 2 4 6 8
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6

�a� �b�

Figure ���� �a� Diagrammatic representation of a generalized s and t channel
process� �b� Reggeon trajectory� Shown is the spin of the resonances as a
function of their squared mass� which is identi	ed as t �from �Lan�����

The Regge Trajectory

The Regge trajectory is represented by a linear function in t�

��t� � �
  �� � t � ��	���

where �
 and �� are referred to as intercept and slope �shrinkage� parameter	 One
distinguishes two regions of t	 For t 
 � �s channel process�� the trajectory is exchanged
between the two scattering hadrons	 In the t channel process �t 	 ��� t can be related to
the squared mass of the channel resonances� which occur at integer �meson trajectory�
or half integer �baryon trajectory� values of ��t�� which correspond to the spin of the
resonances	
A single trajectory is characterized by a de�nite set of quantum numbers �isospin

I� parity P � charge�conjugation C�	 In elastic scattering the �� � a� and f� trajec

tories are degenerate� so that they can be combined in a single reggeon trajectory as
demonstrated in Figure �	�b	 The most important trajectories are�


 pomeron �IP�� �IP�t� 	 ����  ���GeV� � t� IPC � �#

 reggeon �IR�� �IR�t� 	 ���  ���GeV� � t#

 pion ���� ���t� 	 �  �GeV� � t� IPC � �� ��
�	

The pomeron trajectory has the quantum numbers of the vacuum	 Its intercept has
been determined on the basis of total cross section measurements for pp and p"p scat

tering �Don��	 The slope parameter results from an analysis of the elastic scattering
data �Don���	
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Elastic Cross Sections of Hadronic Interactions

In the asymptotic limit of s�� and t�s� �� the contribution of a Regge trajectory
�k�t� to the amplitude A

ij
k �s� t� of the elastic scattering process ij � ij is

Aij
k �s� t� � $��t�

�
s

s


��k�t�

� ��	���

where $��t� is the function specifying the coupling of the trajectory to the external
particles� and s
 � �GeV� is the hadron mass scale	 The di�erential elastic cross
section can then be expressed as

d�ijel
dt

� �

s�


Aij

k �s� t�


� � F �t�

�
s

s


����k�t����

� ��	���

Generalizing the �ndings to the case of the exchange of several trajectories k� the
di�erential cross section for the elastic reaction ij � ij is given by�

d�ijel
dt

�
X
k

��ik�t��
�
jk�t�

���

�
s

s


����k�t����

� ��	���

where �ik�t�� �jk�t� are form�factors parameterizing the coupling of the trajectory �k�t�
to the particles i and j respectively	
In the region jtj �� �GeV� the form�factors can be well approximated by an expo


nential�

�ik�t� 	 �ik���e
Bikt � ��	���

For large centre�of�mass energies
p
s the di�erential cross section is dominated by

pomeron exchange	 Due to the linearity of the trajectory �see Equation �	��� the cross
section can be written as

d�ijel
dt

�
�
s

s


����IP�
����

eb�s�t � ��	���

where

b�s� � b
  �
�

IP ln�s�s
� � ��	���

With increasing s the forward peak of the cross section �t� �� becomes sharper� since
the slope b is growing	 This is commonly called shrinkage	

Total Cross Sections of Hadronic Interactions

The total cross section is closely related to the forward elastic scattering amplitude via
the Optical Theorem �see Figure �	���

�ijT �
�

s
ImAij

k �s� t � �� � s�k�
��� � ��	��

�The notation of �Gou
� is used�



��� HadronHadron Interactions ��

�
ij
T �

�
�
�
�
�
�
�
�
�
�
�
�
��ji

�
�
�
�
�
�
�
�
�
�
�
�
�

�

��j
i

j

i

��
j

i

j

����

i

d�
ij

el

dt
�

�
�
�
�
�
�
�
�
�
�
�

j

i

j

��t�
i

�
�
�
�
�
�
�
�
�
�

�

d��ij

dtdM�

X

�

�
�
�
�
�
�
�
�
�
�
�

j

i

j

��t�

�
�
�
�
�
�
�
�
�
�

�

��j j

i

j

i

j

��j
i

j

i
����

j

��t�

j

��t�

Figure ���� Regge diagrams for the total cross section� for elastic scattering
and for single dissociation� The sketch for the total cross section �ijT illustrates
the optical theorem�

The generalization to the case of several exchanged trajectories yields

�ijT �
X
k

�ik����jk���s
�k�
��� � ��	��

Donnachie and Landsho� showed that the total cross section of any hadronic reac

tion �including photoproduction �p� X� can be �tted to the form �Don��

�ijT �s� � XIPs
�IP�
���  YIRs

�IR�
��� � ��	�

with the normalizations XIP and YIR for the pomeron and reggeon contribution respec

tively	 The quantity of XIP is the same for reactions� where one particle has been
replaced by its antiparticle� e	 g	 pp and "pp� leading to a convergence of both cross
sections at high centre�of�mass energies	 This is in agreement with a prediction from
quantum �eld theory� known as the Pomeran%cuk theorem �Pom���� that the cross sec

tions should become the same for particle and antiparticle at in�nite high energies	

Cross Section of Single Dissociation

The cross section of the process ij � Xj� in which the particle i dissociates into the
system X with invariant mass MX � is given by �compare Figure �	�� �Gou���

d��ij

dt dM�
X

�
X
k�l

�ik����
�
jl�t�gkll�t�

���s�

�
s

M�
X

���l�t� �
M�

X

��k�
� � ��	��
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where gkll denotes the couplings between the trajectories	 In the case of di�ractive
dissociation� where M�

X � s� the pomeron dominates the cross section� so that

d��ijD
dt dM�

X

�
�iIP����

�
jIP�t�gIPIPIP�t�

���s�

�
s

M�
X

���IP�t� �
M�

X

��IP�
� ��	��

� s���IP�
����
�
M�

X

���IP�
� exp �bD�s�M�
X�t

�
�

where the last proportionality is valid in the limit of small jtj� where the couplings can
be approximated by an exponential	 The slope parameter bD is

bD�s�M
�
X� � bD�
  �

�

IP ln

�
s

M�
X

�
� ��	��

giving a logarithmic shrinkage in s�M�
X 	 The t dependence of the cross section param


eterization in Equation �	� was experimentally veri�ed in various reactions �Coo���	

��� Regge Phenomenology in DIS

If factorization holds� the semi�inclusive DIS reaction ep � eNX can be split into a
soft and hard part �compare �Ing����	 The non�perturbative dynamics at the proton
vertex is described by a factor fP�p�z� t�� which parameterizes the �ux of the particle

�

P in the proton	 The hard deep�inelastic interaction occurs between the electron and
the exchanged particle	 The four�fold di�erential cross section for nucleon production
can therefore be expressed by

d���ep� eNX�

dx dQ� dz dt
�

X
P

fP�p�z� t�
d�eP

dx dQ�
��	��

�
X
P

fP�p�z� t�
����

xQ�

�
�� y  

y�

��  R�

�
FP

� ���Q
�� �

where FP
� is the structure function of the exchanged particle	 Comparing this expres


sion with Equation �	�� one obtains for the semi�inclusive structure function

FLB���
� ���Q�� z� t� �

X
P

fP�p�z� t�F
P

� ���Q
�� � ��	��

The �ux factors fP�p can be parameterized by means of Regge phenomenology	
Consider the reaction Ap� XN 	 Since the fractional energy z of the leading nucleon
N is related to M�

X by z 	 � �M�
X�s �compare Equation �	���

�
� Equation �	� can
be rewritten with respect to z and t�

d��Ap�XN

dt dz
	 �sd

��Ap�XN

dt dM�
X

��	��

	 �
X
k�P

�Ak����
�
pP�t�gkPP�t�

���
��� z�����P �t� ���� z�s��k�
��� �

	The trajectories are identi�ed with the corresponding particles�
�
s is the squ� centre�of�mass energy of the Ap system� which in DIS �A � ��� corresponds to W ��
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This expression can be splitted into �ux factors fP�p and the Ak cross sections �
Ak�

d��Ap�XN

dt dz
�
X
P

�X
k

�Ak ���� z�s�

	
fP�p�z� t� � ��	��

with

fP�p�z� t� � ��pP�t� ��� z�����P �t� � ��	���

�Ak ���� z�s� � �Ak��� ���� z�s��k�
��� � ��	���

It should be emphasized� that the z shape of the �ux factor is controlled by the tra

jectory ��t� of the exchanged particle	 The pomeron �ux factor strongly rises with
increasing z	 For z � ���� pomeron exchange is the dominant contribution to the
reaction Ap � Xp	 At �xed t the pion �ux factor increases with decreasing z	 Thus�
pion exchange becomes an important production mechanism for the process Ap� XN
at intermediate values of z ���� �� z �� ����	
In Section �	� it will be demonstrated that for z  ��� the deep�inelastic production

of leading protons and neutrons with small transverse momentum can be described
by Regge phenomenology	 Neutron production� which demands charge exchange� is
dominated by pion exchange� whereas the observed proton cross section requires pion�
reggeon and pomeron exchange	

��� DIS on a Virtual Pion

Pion exchange is believed to play a signi�cant role in semi�inclusive hadronic interac

tions �Pum���	 As demonstrated in the previous section� its contribution to the cross
section of the reaction Ap� XN can be parameterized by means of an universal �ux
factor	 Thus� the question arises� if the proton itself� i	 e	 its structure function� com

prises contributions of virtual pions	 In the following section experimental indications
for the pion content of the proton are brie�y discussed	

����� The Pion Content of the Proton

Assuming isospin invariance the parton distribution functions of the neutron qn�x�Q
��

are directly related to the proton quark densities qp�x�Q
���

un � dp� dn � up� "un � "dp� "dn � "up� sn � sp� and etc	

Thus� the di�erence between the proton and neutron structure function� expressed in
terms of valence and sea quark distributions in the proton� is given by

F p
� �x�Q

��� F n
� �x�Q

�� �
�

�
x�uv�x�Q

��� dv�x�Q
���  



�
x�"u�x�Q��� "d�x�Q��� ���	��

Integrating this equation over x and considering� that the integrated valence quark
distributions have to ful�l the sum rulesZ �




dx uv�x�Q
�� �  �

Z �




dx dv�x�Q
�� � � � ��	���
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Figure ���� The ratio of "d�"u in the proton as a function of x� obtained by the
E����NuSea Collaboration� The data are compared to the CTEQ�M para

meterization of the proton parton distributions �Lai���� Also plotted is the
result from NA�� �from �E���
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one obtains

IG �

Z �




dx
�

x

�
F p
� �x�Q

��� F n
� �x�Q

��
�
�
�

�
 


�

Z �




�"u�x�Q��� "d�x�Q��� � ��	���

If the sea is �avour symmetric� "u � "d� the integral over the sea distribution vanishes�
yielding the Gottfried sum rule �Got����

IG �
�

�
� ��	���

Measurements of deep�inelastic scattering of muons on hydrogen and deuterium by
the NMC Collaboration revealed a signi�cant and large violation of the Gottfried sum
rule �NMC��� NMC���	 Extrapolating the measurement of F p

� � F n
� � obtained in the

region ����� � x � ���� to the full range in x� they evaluated the integral IG �NMC����
IG � ����� ���� � ��	���

The violation of the �avour symmetry of the sea has been con�rmed in semi�
inclusive DIS �HER��� and in dimuon production in Drell�Yan processes �NA��
���
E���
���	 Figure �	� shows the recent measurement of the "d�"u ratio in the range
���� 
 x 
 ������ obtained by the E���!NuSea Collaboration �E���
���	
It has been shown that perturbative mechanisms or e�ects due to the �nite quark

mass cannot account for the observed large violation of the Gottfried sum rule �Kum���	
The pion cloud model� however� can provide an explanation for the origin of the asym

metry of the �avour sea �Tho��� Hol��a� Kum���	 The pion �uctuates in multi�particle
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Fock states within the time allowed by the uncertainty principle	 The predominant �uc

tuations are the �N states due to the low mass of the associated particles	 The physical
proton can be approximated by the following superposition���

jp 	phys	 ��� a�jp 	bare  a

�
�

�
j�
p 	  

�
j�n 	

�
� ��	���

The contribution of j�n 	 is twice the one of j�
p 	 due to the di�erent Clebsch�
Gordon coe�cients	 Looking at the quark content of the �uctuations� one recognizes
immediately that "d is favoured over "u	
The E���!NuSea Collaboration has demonstrated that their measurement of the

light antiquark �avour asymmetry in the nucleon sea is in good agreement with the
virtual pion model �E���
��a�	
It is interesting to note� that also the inclusive proton structure function can be

successfully described by a model� in which the sea partons mainly arise from pionic
�uctuations �Edi���	

����� Pion Exchange in DIS

The experimental results indicate� that the cloud of virtual pions contained in the
proton are an important source of the sea quarks	 Since deep�inelastic ep scattering
at low x probes the sea of partons inside the proton� one hopes to obtain information
about the structure of the pion at HERA� provided evidence for the virtual pion is
experimentally observed �Hol��� Lev��� Kop���	
Already in ��� Sullivan pointed out� that � exchange plays an important role for

the deep�inelastic electro�production of neutrons �Sul��	 Since the production of a
neutron requires the exchange of charge for the transition p � n� neutral trajectories
�IP� f�� � cannot contribute to the cross section via the process sketched in Figure �	�	
It has been shown� that for ��� �� z �� ��� and jtj �� ���GeV� neutrons are predominantly
produced by pion exchange �Kop���	 Thus� in this kinematic region� the measurement

of the semi�inclusive structure function F
LN���
� � as de�ned in Equation �	�� might

probe the pion content� since Equation �	� now simpli�es to

F
LN���
� ���Q�� z� t� 	 f���p�z� t�F

�
� �x�Q

�� � ��	���

Provided the �ux factor f���p is known� the measurement allows to extract the pion
structure function F �

� 	 The pion �ux factor has been constrained using hadron�hadron
data �Hol��� Hol��� ��	 In the light�cone representation it is given as a function of z
and pT by �Hol���

f���p�z� pT � �


�

�

��

g�p�N
��

���� z��m�
n  p�T �

z���� z� �m�
n �M�

�n�z� p
�
T ��

� jF �z� p�T �j� � ��	���

where mn is the mass of the neutron and the non�perturbative strong coupling constant
is known from low�energy physics� g�p�N����� � ���� �Tim���	 M�n is the invariant

��Some models also include �� �uctuations�
��For more details see Section ������
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Figure ���� The pion �ux factor f���p integrated over the region � � pT �
��MeV� Shown is the parameterization of Holtmann et al� �Hol��� compared
to the one by Kopeliovich et al� �Kop���� The �uxfactor� which is implemented
in the original version of the RAPGAP generator� has a much lower magnitude�

mass of the intermediate two�body pion�neutron Fock state

M�
�n�z� p

�
T � �

m�
n  p�T
z

 
m�

�  p�T
�� z

� ��	���

The vertex light�cone form factor F �z� p�T � is parameterized as �Zol�� Hol���

F �z� p�T � � exp

�
�R

�
�n


�M�

�n�z� p
�
T ��m�

n�

�
� ��	���

where R�n � ����GeV
�� �Hol���	 The �ux factor can be equivalently expressed with

respect to z and t� the squared four�momentum transfer between the initial state proton
and the �nal state neutron �Prz����

f���p�z� t� �


�

�

��

g�p�N
��

��� z�
�t

�m�
� � t��

exp

�
�R�

�n

m�
� � t

�� z

�
� ��	��

Another evaluation of the �ux factor using a reggeized form yields �Kop���

f���p�z� t� �


�

�g�p�N
����

��� z�����
�
�t

�t
�m�

� � t��
exp

��R�
��m

�
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where the slope of the pion trajectory ��� � � GeV
�� and the non�perturbative radius

is R�
� � ��� GeV

��	 Figure �	� demonstrates that the shape and the magnitude of both
parameterizations of the pion �ux factor are very similar	
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Also neutral pions can be exchanged� leading to the production of forward protons	
The �ux factor f���p is exactly half of the charged pion �ux factor f���p�

f���p�z� t� �
�


f���p�z� t� � ��	���

because of the di�erent Clebsch�Gordon coe�cient ���� instead of ���	 The leading
proton� however� cannot provide a conclusive signature for the pion content� since other
exchanges �IP� f�� � dominate the cross section �see Section �	��	
The possibility to study the pion structure at low x was the key idea� which in


spired the ZEUS and H� Collaboration to install a forward neutron calorimeter �Bha���
Bec���	 The parton distributions of the pion have previously been constrained only in
the x �� �� region by Drell�Yan and prompt photon production measurements of �N
scattering �see Section �	�	��	 The determination of F

LN���
� at HERA would allow to

constrain the pion structure function at values of x which are more than an order of
magnitude smaller	
In this work� the measurement of F

LN���
� integrated over pT � ��MeV is carried

out	 This data is used to constrain F �
� for the �rst time at HERA �see Section �	�	�	

����� Monte Carlo Implementation of the � Exchange Model

The pion exchange formalism is implemented in the Rapgap and Pompyt Monte
Carlo programs �Jun��� Bru���	 Both Monte Carlo generators have been originally
developed to simulate di�ractive scattering via the exchange of a pomeron	

Rapgap is a full event generator for deep�inelastic scattering with the capability
of simulating di�raction and pion exchange	 For the Monte Carlo studies shown in this
work� the parameterization of the pion �ux factor� which is implemented in the original
program �see Figure �	��� was replaced by the parameterization given in Equation �	�	
The fragmentation in Rapgap is performed with the Lund string model �And��� as
implemented in the Jetset �Sj�o��� Monte Carlo program �see Section �	�	��	

Pompyt also simulates the complete hadronic �nal state	 The same parameteriza

tion of the pion �ux factor as in the modi�edRapgap version is used	 The hard scatter

ing is treated based on the Pythia program �Sj�o��� and the subsequent hadronization
is performed with Jetset	

��� An Alternative Approach of Leading Baryon

Production

If a DIS process is mediated by a colour�singlet exchange� the proton remnant and the
central hadronic system X are colourless� leading to a separation in rapidity��	 This is
not the case in standard DIS	 Figure �	�a shows a typical DIS event initiated by boson�
gluon�fusion� which dominates the ep cross section at x �� ����	 The struck gluon takes
away colour� which produces a coloured proton remnant as well as a coloured hadronic

��The rapidity of a produced particle can be approximated by its pseudo�rapidity � � � ln tan������
where � is the polar angle of the particle�
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Figure ���� Rearrangement of the colour topology in the 	nal state� Shown
is the string con	guration in a DIS bosongluonfusion event� �a� conven

tional Lund string connection of partons� and �b�c� after reconnection due to
soft colour interaction� �b� leads to the dissociation of the remnant into the
invariant mass MR� and �c� results in a leading proton �from �Edi�����

system� originating from the hard photon�gluon interaction	 Thus� both systems are
connected via colour strings� which results in the subsequential production of hadrons
during the fragmentation process in the entire rapidity region between both systems	
Therefore the probability of producing a high�energy baryon or a large rapidity gap is
strongly suppressed	

����� The Fragmentation Process

The Lund string model �And��� is nowadays the most successful model to describe
hadronization processes in the photon fragmentation region	 The Jetset program�
which is the Monte Carlo realization of this model �Sj�o���� is used by most Monte
Carlo event generators to simulate hadronization	

The Lund string model is built on the physical picture of a colour �ux tube� which is
being stretched between the partons moving apart from the common interaction vertex	
Due to con�nement� the potential energy of the string rises linearly with its dimension�
leading to a break�up of the �ux tube and the creation of a quark�antiquark pair	 This
consequentially results in the formation of new strings	 Mesons can be produced by
a combination of a quark and an antiquark of two adjacent string breakings	 In some
cases a colour string also breaks up into an antidiquark�diquark pair� leading to the
potential production of baryons	

The production cross section for leading baryons predicted by the Lund string model
is� however� much lower than in reality� in particular no baryons with very high z� which
cause large rapidity gaps� are produced	

In order to explain those events� without using the pomeron exchange concept�
alternative models were introduced� which are based on soft non�perturbative interac

tions occurring before the hadronization process �Buc��� Edi���	
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����� Soft Gluon Interactions

The model of Buchm�uller and Hebecker �Buc��� is based on boson�gluon�fusion as
underlying partonic process �compare Figure �	�a�	 The quark�antiquark pair� which
is originally produced in a colour octet state� changes its colour randomly because of
additional soft interactions with the colour �eld of the proton remnant	 With a certain
probability the original colour octet state might be transformed into a colour singlet
state� so that no colour �eld is located between the quark�antiquark pair and the proton
remnant� yielding a gap in rapidity	 For a su�ciently fast rotation of the colour spin�
the probability for the di�erent colour states should be statistically distributed	 The
quark�antiquark pair would be in the colour octet state with a probability of ��� and
in the colour singlet state with a probability of ���	 This prediction is in agreement
with the observation� that a large rapidity gap event is produced in � ��& of all DIS
events �ZEU��� H�C���	

Soft Colour Interactions in the LEPTO Monte Carlo Model

A similar approach is the soft colour interaction �SCI� model �Edi��� Edi���	 Before the
hadronization process� any pair of partons� which take part in the hard interaction� plus
the remaining quarks in the proton remnant� can undergo a soft interaction� exchanging
only the colour but no momentum	 The probability for an interaction� which can be
viewed as the exchange of a soft non�perturbative gluon� is described by a single
phenomenological parameter R	 The soft colour interaction can change the colour
topology of the ep scattering event� such that colour singlet subsystems arise separated
in rapidity �compare Figure �	�b�c�� which may lead to the formation of a baryon out
of the proton remnant	 In the case of boson�gluon�fusion this baryon is most likely a
leading proton	
A leading neutron can be produced� if a sea antiquark enters the hard interaction	

A partner sea quark in the proton remnant is assigned� which is given a momentum
based on the assumption� that both quarks originate from the same gluon splitting	
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Figure ����� z distributions for leading protons and neutrons produced by
Lepto� Shown are the nucleon spectra obtained without �R � �� and with
soft colour interaction �R � �����
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The proton remnant contains also three valence quarks� which are split into a quark
and a diquark	 Thus� the remnant partons� together with the interacting sea antiquark�
form two colour singlet systems	 The situation in which the remnant sea quark is paired
with the valence diquark might lead to the production of a neutron	
The SCI model is implemented in the LeptoMonte Carlo program �Ing���	 Lepto

is a general event generator for deep�inelastic lepton�nucleon scattering� based on
leading order electroweak cross sections	 QCD matrix elements for gluon radiation and
boson�gluon fusion are implemented to �rst order� and higher order QCD radiation
is simulated by parton showers	 The fragmentation� which takes place after the soft
colour interaction is performed using the Jetset program	
Figure �	�� demonstrates the e�ect of the soft colour interaction mechanism	 Shown

are the z spectra for leading protons and neutrons generated by Lepto� obtained with
and without SCI	 The SCI mechanism increases the rate of produced nucleons in the
region z �� ���	 SCI also generates the di�ractive peak in the proton spectrum at z � �	



Chapter �

The H� Experiment at HERA

The physics program outlined in the previous chapter de�nes the experimental require

ments which have to be ful�lled in order to study the production of forward neutrons
in deep�inelastic scattering	
First of all� a particle accelerator has to provide the high�energy beams of both

electrons �or positrons�� and protons	 Very high centre�of�mass energies are necessary
to study the kinematic region of large values of Q� and low values of x	 The electron�
proton collider HERA �Hadron�Elektron�Ringanlage� at DESY �Deutsches Elektronen
Synchrotron� in Hamburg is dedicated for this purpose	
The scattered electron and most of the hadronic �nal state in a DIS event have

to be measured by a system of nearly hermetic detectors which cover the interaction
region	 This is the task of the multi�purpose H� detector	 For the detection of leading
neutrons and protons� which escape the main detector unseen through the beam pipe�
a dedicated Forward Neutron Calorimeter �FNC� and a Forward Proton Spectrometer
�FPS� is used	
In this chapter� the HERA collider and the H� experiment will be shortly described	

A detailed discussion of the FNC will be given in the following chapter	

��� The HERA collider at DESY

HERA� which was commissioned in ���� is composed of two separate storage rings with
a circumference of ��� km �Wii��	 Electrons and protons are separately accelerated
up to energies of ���GeV� respectively ��GeV �	 The two beam pipes are brought
together at the position of the H� and ZEUS experiments� allowing the two beams to
cross at an angle of ��	
Besides these collider experiments� which have been taking ep scattering data since

���� HERA accommodates two additional �xed target experiments	 HERMES� which
started operation in ����� makes use of the polarized electron beam to study the spin
structure of nucleons	 HERA�B is a high rate experiment using the halo of the proton
beam for collisions with a target made of tungsten wires	 It is currently being set up
and will begin to study the expected CP violation in the B
� "B
 system in ����	

�Throughout this work the incident and scattered electron or positron are referred to as electron�
�In ���
 the proton beam energy was increased to ��	GeV�

�
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Figure ���� The HERA storage ring and its injection and preacceleration sys

tem at DESY� The locations of the H� and ZEUS detector are indicated�

The HERA beams are both structured into � bunches separated by �� ns� of
which on average ��� are �lled with particles	 This leads to a bunch crossing rate
of ����MHz	 �Crossings� of empty or unpaired bunches can be used for background
studies	

��� The H� Experiment

The design of the H� detector �see Figure 	� is comparable to similar detectors being
operated at other collider facilities	 Tracking detectors� �� and ��� �� are positioned
close to the nominal interaction point� followed by an electromagnetic and hadronic
calorimeter� ��� and ��� � a superconducting coil� ���� and the iron yoke which is in

strumented with muon chambers� ����	 In contrast to the detectors at ee� �LEP�
and p"p �Tevatron� colliders� which are build nearly symmetrical with respect to the
interaction point� the H� detector has a large forward backward asymmetry due to
the di�erent types of particle beams and due to the di�erence in the beam energies	
The instrumentation of the H� detector in the forward region� which is de�ned by
the direction of the proton beam� is more complex� allowing to detect most of the
hadronic �nal state of the deep�inelastic reaction� which is boosted along the direction
of the proton beam	 The backward region is designed to measure the energy and the
angle of the scattered electron covering a kinematic area of four�momentum transfers
of �GeV�

�
�Q�

�
� ���GeV�	 The detector is nearly hermetic� allowing particles only to

escape through the forward and backward beam pipe	 However a substantial part of
the fragments of the target� and therefore also a large part of the energy �ow� escapes

�Numbers in brackets refer to Figure ����
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� Beam pipe and beam magnets � Muon chambers

� Central tracking device �� Instrumented iron yoke

� Forward tracking device �� Forward muon toroid

� Electromagnetic LAr calorimeter �� Backward calorimeter �SPACAL�

	 Hadronic LAr calorimeter �� PLUG calorimeter


 Superconducting coil ����	 T� �� Concrete shielding

� Compensating magnet �	 Liquid argon cryostat

 Helium supply for �

Figure ���� Layout of the H� detector� It has a size of � �� � �� � �	 m�

and a weight of � ���� t� The subdetectors placed in the HERA tunnel are
not shown�
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through the forward beam pipe� unseen in the main detector	 In order to detect lead

ing protons and neutrons� which are scattered at very low angles close to the proton
direction� H� installed a Forward Proton Spectrometer �FPS� and a Forward Neutron
Calorimeter �FNC�� which are located in the HERA tunnel� more than ��m away from
the main detector �not shown in Figure 	�	 The detector components which are rele

vant for this analysis will be presented shortly in the following	 A detailed description
of the H� detector can be found elsewhere �H�C���	

The coordinate system used by the H� collaboration� and so in this analysis� is
indicated in Figure 	� with its origin at the position of the nominal interaction point	
The polar angle � is de�ned with respect to the direction of the z�axis and the azimuthal
angle � is in the xy�plane	


 The Central Tracking Device� �� � covers the region of ����m 
 z 
 ��m
allowing charged track reconstruction in the central region	 It comprises six
tracking chambers� two multiwired proportional chambers �MWPC�� which sup

ply fast trigger signals� and four drift chambers� providing track reconstruction
and particle identi�cation by measuring the di�erential energy loss of charged
particles	 These chambers are arranged concentrically around the beam pipe and
the Central Silicon Tracker	

Starting from small radii r� the beam pipe is surrounded by the Central In�
ner Proportional Chamber �CIP�� the Central Inner Z�Chamber �CIZ�� the in

ner Central Jet Chamber �CJC��� the Central Outer Z�Chamber �COZ� and the
outer Central Jet Chamber �CJC�	 The CJC�� which covers an angular range
of ��� 
 � 
 ����� and the CJC are optimized to measure particle tracks in
the r��plane with a space point resolution of ����m	 The resolution of those
chambers for the measurement of the z�coordinate� which is based on the charge
devision technique� is rather poor	 A precise measurement of this coordinate with
a resolution of ����m is provided by the two z�chambers CIZ and COZ	


 The Forward Tracking Device� ��� � detects charged particles which are pro

duced with a polar angle between �� 
 � 
 ��	 It consists of three modules�
which include a MWPC for fast triggering� a planar and a radial drift cham

ber providing track measurements in the � and ��coordinates respectively� and
a transition radiation detector for particle identi�cation	


 The Backward Drift Chamber �BDC�� close to ��� � is optimized to measure
the angle of the scattered electron in a range of ���� 
 � 
 ������ and is situated
in front of the backward calorimeter �Sch��� Kat���	 The BDC is subdived into
eight octants each consisting of � drift cells which are arranged in four double
layers	 The BDC measures the polar angle of isolated tracks with a resolution of
� ���mrad �Kat���	


 The Liquid Argon Calorimeter covers the central and forward region �polar
angles with �� 
 � 
 ����� and is divided into an electromagnetic and a hadronic
part� providing the precise energy measurement of high Q� scattered electrons
�Q�

�
� ���GeV�� and the hadronic �nal state	
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The electromagnetic part� ��� � is a lead�liquid argon �LAr� sampling calorimeter�
of which the depth varies between � and �� radiation length	 The hadronic part�
��� � which has a depth of ��� hadronic interaction length is made of a stainless
steel�LAr structure	 In both calorimeter sections particle energies are measured
by ionization and subsequent charge collection	

The liquid argon calorimeter has a hadronic energy resolution of ��E��E �
��&�

p
E�GeV�� & as measured in a pion beam �H�C��� and its scale is known

with a precision of �&	


 The backward calorimeter SPACAL� ��� � encloses polar angles between
���� and ������	 It is a so called Spaghetti Calorimeter which is made of a lead�
scintillating �bre matrix �H�S���	 It was installed in the H� detector together
with the BDC in the beginning of ���� replacing the old backward proportional
chamber and the old electromagnetic sandwich calorimeter BEMC	

The SPACAL is divided into two sections� an electromagnetic part with a depth
of � radiation length and a hadronic part with a thickness of only one hadronic
interaction length	 The calorimeter has an excellent electromagnetic energy res

olution of ��E��E � ���&�

p
E�GeV� � �& �H�S���� and the electromagnetic

energy scale is known with a precision of �& to �& depending on the energy of
the incident electron	 Since the hadronic �nal state normally does not extend into
the SPACAL� its hadronic section is not optimized for a precise energy determi

nation	 Instead this part is mainly used for e�� separation and as a time of �ight
counter to reject out�of�time background mostly emerging from interactions of
the beam with the residual gas in the beam pipe	

The SPACAL is of particular relevance for this analysis and in general for analy

sises of deep�inelastic scattering at low and intermediate Q�	 Scattered electrons
with �GeV�

�
�Q�

�
� ���GeV� are within the acceptance region of the SPACAL	


 The Time of Flight �TOF� System with a time resolution of �� ns is used to
reject the beam induced background	 It consists of several scintillation counters
which are placed along the beam pipe in the forward and backward region and
uses the time separation between ep interactions at the nominal interaction vertex
and proton beam induced background	


 The Forward Neutron Calorimeter �FNC� located at z � ���m downstream
in the HERA tunnel detects high�energy neutrons which are produced at very
low scattering angles of � �� ���mrad	 A sketch of its position with respect to
the HERA beam line is shown in Figure 	�	 The proton beam line is bent up�
allowing the detection of forward neutral particles at ���scattering angles	 A
neutron produced at very low angles moves along the beam pipe� undisturbed by
the magnetic �eld of the beam optics and passes the beam pipe at ��m	 At the
position of the neutron exit window� the diameter of the beam pipe is conically
decreasing in order to reduce the material which the neutron has to pass	 No
dead material is placed between the exit window and the lead shielding covering
the FNC	
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FNC at 107 m

neutron exit
window

Proton beampipe

zero degrees
line of flight

FPS stations
90 m 81 m

93 m

H1

Figure ���� Sketch of the HERA forward beam line including FNC and FPS
�not to scale�� Shown are the positions of the calorimeter at ���m and of the
two vertical roman pot stations at ��m and ��m� The magnets of the proton
beam optics are also indicated�

This detector is of crucial relevance for the analysis presented in this work and
will therefore be described in detail in the following chapter	


 The Forward Proton Spectrometer �FPS� is designed to measure the mo

menta of high�energy protons with scattering angles of � �� ���mrad with respect
to the proton beam �Lis��� H�C���	 The HERA dipole magnets adjacent to
the interaction region are employed as spectrometer elements �see Figure 	��	
Protons which have lost more than � ��& of their energy in ep interactions
appear after about ��m at a distance of several millimeters from the nominal
beam orbit so that they can be registered in detectors close to the circulating
beam	 The detector elements are mounted inside plunger vessels� so called Ro

man Pots	 They are retracted during injection and are brought close to the beam
after stable luminosity conditions are reached	 Since ���� H� has been operating
two FPS stations which approach the beam from above and which can detect
leading protons with ���GeV 
 E 
 ���GeV	 In ���� two additional horizon

tal stations were installed which enlarge the kinematic range up to the proton
beam energy and enables the measurement of the transverse momentum of the
scattered proton	


 The Luminosity System �see Figure 	�� comprises two small crystal calorime

ters� which are situated in the backward region upstream in the HERA tunnel	
Electrons and photons from the Bethe�Heitler �BH� process ep � ep� �Bet���
are detected in the electron tagger �ET� and the photon detector �PD�� situated
at z�positions of �����m and �����m respectively	 The photon tagger is pro

tected from the high synchrotron radiation �ux by a lead absorber and a water
%Cerenkov counter which distinguishes between low energetic photons of the syn

chrotron radiation and high�energy photons from the BH process	 The instanta

neous luminosity can be measured on�line by counting the rate of coincidences of
tagged electrons and photons taking into account the detector acceptance� since
the cross section of the BH bremsstrahlung process is very high and theoretically
well known	 Since ����� H� uses the more precise single photon method for the
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Figure ���� Bremsstrahlung event measured by the luminosity system� In the
lower picture the luminosity system located in the HERA tunnel is sketched�
The upper middle picture shows the photon detector �PD� which is located
close to the beam pipe �p� and shielded by a lead 	lter �F� and a �Cerenkov
veto counter �VC�� The upper left and right panel show the deposited energy
of the electron and the photon respectively�

o��line calculation of the integrated luminosity� which is soley based on counting
the photon rate above a certain energy threshold �H�C��a�	 In ����� the average
luminosity was �� � ���
cm��s�� at typical beam currents of Ip � ��mA and
Ie � �mA for protons and electrons respectively	 The integrated luminosity of
the data stored on tape amounted to approximately � pb�� in ����	


 The Trigger and Data Acquisition System	 The task of a trigger system is
to select interesting events out of the �ow of signals registered in the di�erent de

tector components	 The rate of background events which stem from synchrotron
radiation� proton�beam�gas and proton�beam�wall interaction exceeds by far
the rate of physically interesting events	 The background and ep interaction pro

cesses with very high cross sections �BH bremsstrahlung� photoproduction� have
to be suppressed or heavily prescaled in order to meet the capacity of the readout
system	

H��s trigger and data acquisition system is made of four di�erent steps� so called
levels �L�� L� L�� L��	

The �rst trigger level L� is based on simple logical combinations of the informa

tion� provided by the di�erent sub
detectors latest ���s after the bunch crossing�
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during which a potential interaction occured	 Within this time� which corre

sponds to the time of � bunch crossings� the full event information is stored in
pipe lines	 This leads to the capability of accepting a new event� which happens
already in the �rst bunch crossing after the previous trigger	 Therefore the �rst
trigger level is a dead time free system	 The information of the di�erent sub

detectors are converted into trigger elements which are subsequently combined
into �� possible subtriggers by the central trigger logic	 An event is accepted if
at least one subtrigger condition is ful�lled	 Subtriggers with very high rate can
be prescaled �i	 e	 only every n�th positive trigger decision is accepted� in order
to meet the capacity of the readout bandwidth	

The second level trigger L validates the L� decision within ��s	 L is based on
the same trigger elements like L� but uses more complex algorithms of combining
this information	 After a positive L decision� the event information from the
di�erent sub
detectors is fully digitized and transferred to the L� processor farm	
L� is a software �lter running part of the reconstruction code on � parallel
processors	 About �& of the events pass the L� selection cut and are written
to magnetic tape with a rate of � ��Hz	 A small fraction of about �& of the
rejected events is kept for monitoring purposes	

Finally at L� the accepted events on tape are fully reconstructed and classi�ed ac

cording to the underlying physics process� e	 g	 photoproduction or deep�inelastic
scattering	 If an event cannot be classi�ed� it is rejected except for �& of the
events which are again kept for monitoring purposes	 The main information of
the classi�ed events is stored on hard disks in the format of data summary tapes
�DST�	 This is usually the starting point for any physics analysis	
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The Forward Neutron Calorimeter

To detect highly energetic neutrons� which are produced at very small scattering angles
in ep interaction� H� installed a Forward Neutron Calorimeter �FNC� in the beginning
of ����	 The FNC consists of a lead�scintillating �bre calorimeter with a depth of ���
hadronic interaction lengths� two segmented hodoscopes which are placed in front of
the calorimeter to veto charged particles and a tail catcher situated behind the main
calorimeter for the measurement of the energy leakage	

This chapter describes the construction� installation� calibration and the perfor

mance of the FNC	 A brief introductory overview of the principles of calorimetry will
be given at the beginning	

��� Basics of Calorimetry

A high�energy particle travelling through matter produces a shower of secondary par

ticles	 Hadronic interacting particles �baryons and mesons� generate a wide extended
hadronic shower with an irregular shape� whereas electrons� positrons and photons
produce a narrow electromagnetic shower	 The only particles� which normally do not
generate a shower �and which do not decay immediately�� are neutrinos due to their
weak interaction and muons which deposit their energy mostly through ionization	

Therefore a calorimeter in general is made of a dense absorber material� where
the shower develops and an active material� where the secondary shower particles are
detected by e	 g	 ionization and subsequent charge collection or scintillation and light
collection	 In a homogeneous calorimeter� a single material is used which ful�ls both
tasks at once	

����� Electromagnetic Showers

Above the critical energy Ec which is of the order of several MeV depending on the
speci�c material� an electron �or positron� loses its energy mainly by the process of
bremsstrahlung	 After having passed a distance of one radiation length X
 in the
material� the energy of the electron has been decreased to e�� times its original value	
After the same distance� a photon has been converted to an electron�positron pair with
a probability of ��� e�����	

��
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The produced particles are subject to the same processes	 Therefore an avalanche of
particles is generated� until the energy of an individual particle has dropped below the
critical energy Ec	 At this moment the shower has its maximal size� and subsequent
energy loss is dominated by ionization and excitation �for electrons and positrons�
or the Compton e�ect and the photoelectric e�ect �for photons�	 In addition to the
longitudinal expansion� a shower also develops in the transversal direction� which is
characterized by the Moli
ere radius RM 	 Approximately ��& of the incident particle�s
energy are deposited inside a cone with a radius of ���RM �PDG���	
For the Forward Neutron Calorimeter the values of the characteristic quantities are

as follows �Aco����

Ec � ���MeV � ��	��

X
 � ��mm �

RM � �MeV � X


Ec
� �mm �

����� Hadronic Showers

Hadrons lose their energy by inelastic scattering with the nuclei of the absorber mate

rial	 The characteristic length for this process is the nuclear interaction length�

�l �
A

�i�
� ��	�

where A denotes the atomic mass and � the density of the absorber substance	 �i
is the total inelastic hadronic cross section	 After having passed a distance of �l
in the material� a hadronic particle has scattered inelastically with a probability of
�� � e���	 The nuclear interaction length for lead is �l�P b � ���� cm �PDG��� which
is approximately �� times larger than its radiation length X
� whereas for the lead�
scintillating �bre matrix of the FNC the e�ective length amounts to �l � � cm �Aco���	
The development of a hadronic shower is more complex and less regular as compared

to the electromagnetic case since a large amount of di�erent secondary particles are
produced� e	 g	 particles which decay immediately or which interact electromagnetically	
The latter ones mostly originate from the decay of neutral pions ��
 � ��� and cause
the formation of electromagnetic �sub showers�	

����� Compensation

In contrast to the electromagnetic interaction with matter� in hadronic showers energy
is used to break up nuclear bindings and for the creation of neutrinos� muons and
slow neutrons	 Knowing the fraction of not detectable energy� one could in principle
correct the measured energy of an incident hadronic particle for these e�ects	 But this
amount �uctuates� since the electromagnetic fraction of a hadronic cascade depends on
the particle�s energy and also varies at �xed energy� leading to non�linearities in the
calorimeter response and a worsening of the energy resolution	
Choosing the right geometry and material� it is possible to build a calorimeter

for which the ratio of its response to the electromagnetic part of the shower over
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Figure ���� Hadronic shower originating from a ���GeV neutron in the FNC
�Geant Monte Carlo simulation �ASG���� neutron is impinging from the
right��

the response to the non�electromagnetic part �e�h� is close to one	 This condition is
called compensation	 Compensation can be accomplished by amplifying the hadronic
response and!or suppressing the electromagnetic signal	 The non�electromagnetic re

sponse can be increased by using a �ssionable material as absorber� such as depleted
uranium� and detecting the additional energy released in the nuclear �ssion reaction	
One can also make use of the high cross section of the elastic scattering of the produced
slow neutrons on protons and the subsequent ionization due to the recoil energy of the
charged particle by using a hydrogenous material like plastic scintillator	 Since the nu

clei of the absorber substance are much heavier� slow neutrons pass the passive medium
practically undisturbed and deposit their energy nearly exclusively in the active hy

drogenous material	 The electromagnetic response can be decreased by combining a
low�Z active material� with a high�Z absorber material in order to suppress the prob

ability for a photon to deposit its energy in the active medium� since the photoelectric
e�ect is proportional to Z�	

Calorimeters constructed of lead and scintillator have the advantage of providing
a fast signal �� �� ns�� whereas uranium calorimeters require an extended integration
time for the signal� since the �ssion occurs on a time scale of typically ��s	

�Z is the atomic number of the material�
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Figure ���� Con	guration of the H� Forward Neutron Calorimeter� The
calorimeter is composed of interleaved layers of lead and scintillating 	bres�

The forward neutron calorimeter FNC consists of a lead�scintillating �bre matrix�
resulting in approximate compensation at a ratio e�h � ����� ��� �Aco��a�	

��� Construction of the FNC

Since ����� the H� experiment uses a forward neutron calorimeter made of lead and
scintillating �bres	 The calorimeter was originally built by the CERN!LAA collabora

tion �Aco��� and used by the WA�� experiment �WA��
��� Bec��� at CERN	 It was
modi�ed for the installation in the H� experiment ���m downstream of the nominal
interaction point and weighs approximately �� tons	 A schematic diagram of the FNC
is shown in Figure �	 and a compilation of the basic properties of the calorimeter is
given in table �	�	 A more detailed description of the construction and the installation
of the calorimeter can be found in �Nun��� and �Met���	
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Calorimeter modules �� ��� bottom� � top�
Hodoscope modules �� �plane �� and � �plane �
Calorimeter photomultipliers Philips XP�B!��
Hodoscope photomultipliers Hamamatsu R���
Weight ��	� t �bottom�� ��	� t �top�
Dimension �� � �� � �� cm� �bottom�� �� � �� � �� cm� �top�
Lead sheets ���� � ��� � ���mm�

Scintillating �bre type SCSF��� �mm diameter� 	m long
Lead��bre volume ratio ���
Sampling fraction 	�&
Radiation length X
 � ��mm
Moli'ere radius RM � �mm
Nuclear interaction length �I � � cm
e�h ratio ����� ���

Table ���� Summary of the FNC con	guration and its basic properties�

Lead sheet

43.3 mm

2.22 mm 1.0 mm

1.92 mm

Figure ���� Lead 	bre matrix� A hexagonal module is de	ned by coupling
���� scintillating 	bres to a common photomultiplier located at the rear of the
detector�

����� The Calorimeter

The FNC consists of interleaved layers of m long lead strips and longitudinally aligned
scintillating �bres	 This form of construction is called a spaghetti�type calorimeter	 The
calorimeter is laterally segmented into hexagonal modules� each of which is de�ned by
coupling ���� scintillating �bres to a common photomultiplier located at the rear of the
detector �see Figure �	��	 The height of a hexagonal module is �	� cm	 The calorimeter
is divided into a top and bottom part �see Figure �	��	 A gap between these two parts
is necessary in order to have space for the proton beam pipe which passes through the
calorimeter	 There are �� modules in the bottom part of the calorimeter and � modules
in the top part	
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Figure ���� Backview of the FNC� The calorimeter is subdivided into ��
modules� Shown is the position of the proton beam pipe and the acceptance
region�

The calorimeter has a lead to �bre volume ratio of ��� providing approximate com

pensation �see section �	�	��	 Due to the small fraction of active material the sampling
fraction �the part of the shower energy deposited in the active material� is only 	�&	
This drawback is counterbalanced by the �ne granularity of the calorimeter providing
a high sampling frequency	

Light Transportation in the Fibres

The scintillating �bres are not only employed as active material� but they also serve for
the transportation of the produced light	 They have a diameter of �mm and consist
of a core of doped scintillator material �polystyrene� PS� surrounded by a ��m thick
acrylic cladding �poly�methyl�metha�acrylate� PMMA�	 Due to the di�erence in the
refractive index �nPS � ����� nPMMA � ����� the emitted light is totally re�ected at
the boundary between the core and the cladding and therefore guided along the �bres	
On the one end the �bres are aluminized in order to re�ect and redirect the light to
the photomultiplier on the other end	
Since a hadronic shower has a large extension and since its longitudinal showerpro�le
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�uctuates strongly� the attenuation length of the �bres should be much longer than
their physical length	 Ful�lling this condition� the ratio of the detected light in the
photomultiplier over the deposited energy does not depend strongly on the longitudinal
location of the energy deposit	 If the attenuation length is rather short� light produced
at the back end of the calorimeter close to the photomultiplier is attenuated much
less than the light emmited at the front of the calorimeter	 Therefore the energy of
a shower� which develops very late in the calorimeter� is overestimated leading to a
worsening of the energy resolution due to a high energy tail	

The attenuation length of the core of a single� separated �bre was measured to be
�att � ���m �Sch���	 The attenuation curve for a prototype calorimeter build by the
CERN!LAA collaboration was measured by scanning the detector along its length with
��GeV electrons� which were directed perpendicular to the �bre axis �Aco��a�	 The
average calorimeter signal as a function of the distance z between the impact point
and the photomultiplier was �tted by the expression

I�z� � I
�e
�z��att  Re���L�z���att�  I�e

�z��clad � ��	��

where L � �m is the length of the �bres	 The attenuation length �att � ���m
and the re�ection index R � ���� were �xed by independent measurements	 The
three remaining parameters �the attenuation length of the cladding �clad and the two
normalization factors� were determined to be

�clad � ����m � ��	��

I
 � ��� �arbitrary units� �

I� � �� �arbitrary units� �

The attenuation length of the �bres was remeasured in the HERA setup using
cosmic ray muons �Lyt���	 Trigger hodoscopes were placed at several longitudinal
positions along the calorimeter in order to de�ne the location of the energy deposit
of the muon ionizing the traversed material	 Figure �	� shows the average signal in
the central calorimeter towers as a function of the distance between the energy impact
and the photomultipliers	 Using the same formula for the attenuation expression as in
Equation �	� and keeping the values for R and I
�I� the two attenuation lengths were
determined to be �Fit A� see Figure �	��

�att � ������ �����m � ��	��

�clad � ����� �����m �

The quoted errors include �uctuations between �bres belonging to di�erent modules	

Since the value of R used in the �ts could have been decreased after the modi�ca

tion of the calorimeter and since the �t parameters given in Equations �	� are highly
correlated� leading to an unstable ratio of I
 and I�� the muon data were re�tted to
a di�erent� but similar function	 The re�ection index R was set to a value of R � ��
which cancels one addend in expression �	�� and the two normalizations� I
 and I�� were
released in the �t	 The two attenuation lengths and the ratio of the normalizations
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Figure ���� Attenuation curve of the scintillating 	bres� Shown is the average
signal in the central calorimeter towers produced by a cosmic muon travers

ing the calorimeter as a function of the distance between its trajectory and
the photomultipliers� The curves denote two di�erent 	ts to the attenuation
expression given in Equation ��� �see text��

were determined to be �Fit B� see Figure �	��

�att � ����� ����m � ��	��

�clad � ������ �����m �

I

I�

� ���� �� �

where the quoted errors again include di�erences between the �bres� belonging to
di�erent calorimeter modules	

Comparing the old result with the new measurements one recognizes that the atten

uation length of the core of the scintillating �bres has decreased dramatically	 This led
to a signi�cant deterioration of the energy resolution of the calorimeter	 The measured
response of the detector is asymmetrically smeared to higher energy values �see above�
causing the high energy tail observed in the data �see section �	�	��	

����� The Hodoscope

Situated in front of the calorimeter are two hodoscope planes of scintillator tiles which
are used to veto incident charged particles	
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Like the calorimeter the two hodoscope planes are segmented into hexagonal mod

ules	 The �rst plane comprises �� tiles� which are aligned with respect to the corre

sponding calorimeter modules	 The second plane� made of � modules� is shifted by
half a length of a hexagon with respect to the �rst plane� so that the gaps between
the modules in one plane are covered by the tiles of the other plane	 The charge of
an incoming particle is de�ned by the signal of the scintillator tile or tiles in front of
its impact position	 An event is tagged as charged if the response of one module� of
which the centre is at a distance of less than ��� cm to the reconstructed impact point�
is above a certain threshold	 For � ��& of all events only one scintillator module per
plane ful�ls this geometric condition and has to be checked	
The e�ciency of the hodoscope has been measured in the HERA setup using special

calibration data �see section �	�	��	 The response of a hodoscope plane was determined
using the other plane to trigger on charged particles	 The combined e�ciency of the
two hodoscope planes amounts to 	 ����& �Met���	

Determination of the Neutron Detection E�ciency

Employing the hodoscope as a veto counter� neutral particles� e	 g	 neutrons� can
be tagged	 Back�scattering of charged particles produced in a hadronic shower �also
called albedo� might fake an incident charged particle� reducing the e�ciency of tagging
a neutron	 In principal� incident charged particles and albedo could be distinguished
using the time information of the photomultiplier signal of the hodoscope� since the
particles produced in the hadronic shower inside the calorimeter have to travel back to
the scintillator tiles	 In the setup at HERA the hodoscope is placed too close to the
calorimeter body �distance � �� cm�� which does not allow to exploit this e�ect due to
the limited time resolution of the photomultipliers and the readout electronics	
The neutron detection e�ciency was determined by measuring the average rate of

signals in a hodoscope tile as a function of the radial distance between the centre of
the tile and the impact position reconstructed in the calorimeter	 For this analysis
the complete dataset including the tagged charged events were used	 By extrapolating
the rate of signals in the hodoscope tiles to the region close to the impact position�
the probability due to back�scattering was estimated �see Figure �	��	 Since the data
suggest an exponential distribution of the back�scattered particles� the hit probability
P �x� for the non�central tiles as a function of the distance to the reconstructed impact
position x was �tted to an exponential function� in order to separate the contribution of
albedo and incident charged particles to the hit rate in the central hodoscope modules	
The �t yields

P �x� � ����e�x����� cm � ��	��

which amounts to an average hit probability in the central modules �those which are
used for the charge de�nition� equal to �&	 The part of the measured hit rate in the
�rst bin which is exceeding the extrapolated value is assumed to originate from incident
charged particles	 The error on the albedo contribution was determined on the basis
of two extreme assumptions� a� there are no charged incident particles and therefore
any hit in the central modules originate from albedo or b� the hit probability in the
central tiles due to albedo is as large as the one in the surrounding tiles	 The neutron
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Figure ���� Determination of the neutron detection e�ciency� Shown is the
hit probability of a hodoscope module as a function of its distance to the
reconstructed impact point� Hits in the 	rst bin are originating from albedo
and incident charged particles� The contribution of albedo is estimated by the
exponential extrapolation shown in the plot�

detection e�ciency �nally amounts to

�nd � ���� ��& � ��	��

where the error denotes the systematic uncertainty	

����� Readout and Trigger

Due to the position of the FNC in the HERA tunnel� approximately ���m away from
the central part of the H� detector �see section 	�� the high�voltage supply and the
readout electronics cannot be installed close to the calorimeter	 Instead the photomul

tipliers of the calorimeter and the hodoscope receive the high�voltage through � ���m
long cables and their signals have to be transported over � ���m long coaxial cables
to the readout system located outside the HERA tunnel	
The signals are digitized by FADCs �Flash Analog to Digital Converter�� which

measure the signal voltage with a repetition rate of ���MHz corresponding to a time
distance of ��� ns which is a tenth of the time between two subsequent bunch crossings	
The central calorimeter modules are in addition connected to ���MHz FADCs provid

ing four times smaller time intervals which results in a more precise measurement of

�Struck� F�		��
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the signal time	 The FADCs have an intrinsic resolution of � bits� but since the number
of ADC counts does not depend linearly on the signal voltage� the e�ective resolution
for low signals is similar to the one of � bit ADCs with the same dynamic range	
The FADCs are read out by a Digital Signal Processor �DSP� and fed to H��s central

data acquisition via VME�	
The analog signals of the photomultipliers are employed for triggering purposes as

well	 The signals of the central modules are added and fed into discriminators de�ning
eight di�erent threshold levels for the energy deposited in the calorimeter	 In addition�
special triggers are used to tag LED�monitoring events �see section �	�	�� energy
leakage out of the main calorimeter or incident charged particles� respectively	 The
FNC trigger elements are used to de�ne three subtriggers �see section 	�� two physics
triggers and one monitoring trigger	 The photoproduction subtrigger is de�ned by a
triple coincidence between a track in the central drift chamber and an energy deposit
in the electron tagger and the neutron calorimeter respectively	 The deep�inelastic
scattering subtrigger is based on the combination of an energy deposit in the backward
electromagnetic calorimeter and in the FNC	
A detailed description of the readout and trigger system of the forward neutron

calorimeter is given in �Met���	

��� Acceptance of the Calorimeter

Leading neutrons which are produced at the nominal interaction point inside the central
H� detector have to move along the beam pipe to reach the FNC	 Therefore the
acceptance of the FNC for detecting neutrons is mainly governed by the apertures of
the proton beam line elements �bending and focusing magnets� located between the
interaction point and the neutron calorimeter	
The acceptance is rapidly cut o� if the neutron�s trajectory crosses the edge of a

magnet	 This is demonstrated in Figure �	�� which shows the acceptance as a function
of the position of the impact point of the incident neutron on the calorimeter face	 The
acceptance has been evaluated in Monte Carlo �MC� studies using Lepto �Ing��� as
event generator and a Geant �ASG��� simulation of the proton beam line �Lis���	 The
superimposed curve in this �gure indicates the edge of the acceptance region obtained
from the impact point distribution of simulated and accepted neutrons	 For those
bins which are well contained inside this region� the acceptance is nearly uniform and
amounts to � ��&	
Figure �	� shows the impact point distribution obtained by the Geant simulation

of the proton beam line and the one observed in the data	 The distributions are very
similar in shape	 The rate observed in the data decreases rapidly at the edge of the
aperture� which indicates the quality of the impact point reconstruction	 The location
of the maximum of the impact point distribution� with respect to the shape of the
acceptance region� is di�erent in the Monte Carlo simulation compared to the real
data	 This indicates that the beam slope which is assumed in the Monte Carlo is
di�erent than in reality or that there is a certain mismatch of the coordinate systems
of the beam line and the central H� detector	

�Versa Module Europa� a �exible and open data bus system�
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Figure ���� Acceptance of the FNC as a function of the impact point position�
The numbers in the 	gure denote the acceptance in a xybin in percent� The
superimposed curve indicates the edge of the acceptance region�
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Figure ���� The FNC acceptance region observed in Monte Carlo �left plot�
and data �right plot�� Shown is the spatial distribution of impact points �see
scale on the right side of the plots�� The impact point distribution in the data
is compared to the shape of the acceptance region derived from the Monte
Carlo simulation�
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Figure ���� Acceptance of the FNC as a function of the scattering angle� It
has been calculated using the � �direction observed in the data and the shape
of the acceptance region� As a comparison the result of the Monte Carlo
simulation is shown�

The spatial point with the maximal observed rate can be used to rede�ne the
direction of � � �� in the data� since the production cross section for leading neutrons
decreases with increasing scattering angles	 By integrating over the polar angle� the
observed ���direction and the shape of the acceptance region� taken from the Monte
Carlo simulation� has been used to determine the geometric acceptance as a function
of the scattering angle	 The geometric acceptance has been corrected by ��& in order
to take into account the limited� but uniform acceptance of � ��& inside the aperture	
The �nal result is presented in Figure �	� as a function of the scattering angle �	 The
acceptance is � ��& for scattering angles of � �� ���mrad and decreases smoothly up to
the highest detectable scattering angles of � ���mrad	 The acceptance derived from
the data is compared to the result� which has been obtained with the Lepto Monte
Carlo program and a simulation of the beam line	 Both distributions are fairly similar
in shape� but the Monte Carlo result extends to higher scattering angles and is lower
for �	mrad �

� � �� �	�mrad	 This di�erence reveals the systematic uncertainty in the
angular acceptance� and results in a large contribution to the systematic error of the
measurement of the production cross section for leading neutrons �see Section �	�	��	

The limited acceptance in the scattering angle has a strong in�uence on the energy
spectrum of the neutrons� which can be detected	 Figure �	�� shows the energy spectra
for generated and accepted neutrons obtained with the Lepto MC �Ing��� �including
soft colour interaction� and the PompytMC �Bru��� �simulating � exchange� respec
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Figure ����� Neutron energy spectrum produced by the Lepto and Pompyt
Monte Carlo programs �generated and accepted�� Shown is the cross section
for neutron production as a function of energy� the generated one �solid lines�
and the one for neutrons inside the acceptance region of the FNC �dashed
line�� The spectra are cut at En � ��� GeV�

tively	 Considering the whole phase space� both Monte Carlo models produce neutrons
with a very di�erent shape of the energy spectrum	 For the pion exchange simulation
the generated rate of neutrons has a maximum for energies slightly above half of the
proton beam energy� whereas for the Lepto MC this rate is increasing continuously
with decreasing neutron energy	 Therefore Lepto predicts a larger integrated cross
section than Pompyt	 When selecting only those neutrons which are produced in

side the FNC acceptance� both Monte Carlo models result in energy spectra which are
similar in shape and normalization	 The bulk of the neutrons produced in the lower
energy region by the Lepto MC have a larger scattering angle which is outside the
acceptance of the FNC� leading to the large reduction of the observable rate	

��� The Performance of the FNC

In this section the di�erent experimental quantities which can be measured with the
forward neutron calorimeter are summarized and the resolution of the energy and
position measurement is discussed	
With the FNC subsystem� which also includes a segmented hodoscope and a tail

catcher besides the calorimeter� the following quantities are measured�


 The energy deposits in the calorimeter modules are clustered with an algorithm
based on the concept of local equivalence relations �You���	 This procedure de�nes
the number of clusters and the cluster energy� which is the sum of the
energies deposited in the modules comprising the cluster	 A correction to the
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measured energy is applied� which makes use of the energy deposit in the tail
catcher �Met���	


 The x and y coordinate of the impact point on the calorimeter front face
are reconstructed using a correction to the measured centre of gravity of the
energy deposit	 An empirically determined correction function is applied to
cure systematic e�ects resulting from the geometric structure of the calorime

ter �Nun��� Sch���	 The reconstructed impact point provides a measurement of
the scattering angle of the forward neutron� and in combination with the mea

sured energy� a determination of its transverse momentum	


 The timing of a cluster is de�ned by the time of the signal in the module of
the cluster with the highest energy deposit� which is calculated using the centre
of gravity of the photomultiplier signal	


 The charge of the incident particle producing the cluster is determined by the
response of the hodoscope modules in front of the calorimeter �see Section �		�	

����� Energy Resolution

The energy resolution of the calorimeter has been determined for electrons and pions of
energies � ��GeV in a testbeam and for high�energy neutrons by a Geant simulation
of the detector	
The energy resolution of the calorimeter was measured to be �Nun���

�E
E
� ����& ��	��

for ��GeV electrons and

�E
E
� ����& ��	���

for ��GeV pions	
Extrapolating these results to high energies one would expect the hadronic energy

resolution of the calorimeter to be � �& for neutrons above ���GeV� if one assumes
the same constant term b in the expression for the energy dependence of the energy
resolution� �E�E � a�

p
E�b� as found for the original setup of the calorimeter �Aco��a�

Nun���	 However the observed neutron spectrum compared to the predictions of a
Monte Carlo model of leading neutron production suggests that the energy resolution
at very high energies �E 	 ���GeV� is much worse �see Section �	�	��	
The deterioration of the energy resolution can be mostly attributed to the short

attenuation length of the scintillating �bres �see Section �		��	 A Geant simulation
of the longitudinal energy pro�le of a highly energetic hadronic shower� folded with the
attenuation length of the �bres� has shown that a signi�cant part of the events deposit a
large amount of energy at the back end of the calorimeter leading to an overestimation
of the incident particle�s energy� since the produced light is attenuated less than normal	
This results in a high energy tail which is observed in the neutron energy spectrum
�see Section �	�	��� which means that the measured energy distribution extends far
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above the kinematic limit	 The Monte Carlo simulation has been used to calculate the
correlation between the measured energy and the true energy of the incident particle	
An additional Gaussian smearing of ��& was applied to account for other contributions
which disturb the energy resolution �pick�up noise� electronics etc	�	 The resulting
e�ective resolution of the calorimeter is approximately constant for neutron energies
between ���GeV and ��GeV and amounts to �Met���

�E
E
� �& � ��	���

The predicted energy spectrum for leading neutrons� smeared with the evaluated
resolution function� agrees well with the observed neutron spectrum in the kinematic
region were this prediction is assumed to be valid �see Section �	�	��	

����� Position Resolution

For the measurement of the transverse momentum and the scattering angle of a forward
neutron� a precise determination of its impact point on the calorimeter face is of high
importance	 One of the advantages of spaghetti�type calorimeters is their accurate
spatial resolution	 The longitudinally aligned scintillating �bres are bundled together
at the back end of the calorimeter and coupled onto several photomultipliers de�ning
separated calorimeter modules and therefore a lateral segmentation	 The impact point
of an incident particle is determined using the corrected centre of gravity of the energy
deposit in the calorimeter modules	

Throughout this section the spatial or position resolution is meant to be de�ned
with respect to only one coordinate direction� �x and �y respectively	 Therefore the
variance of the radial distance between the reconstructed and true impact point is
�r � �x��y	 Since the construction of the FNC is symmetric and since the impinging
particles hit the calorimeter approximately perpendicular to the surface� �y � �x� and
both will be denoted as �xy	

The position resolution of the FNC was measured in a testbeam with the use of a
silicon microstrip detector system providing a precise track measurement	 For pions
with energies of ��GeV the spatial resolution was measured to be �Nun��� �

�xy � ������ ��� cm � ��	��

At HERA the spatial resolution of the FNC was determined using charged parti

cles with energies between ��GeV and ���GeV and three small scintillator counters
��nger counters� situated in front of the calorimeter	 The scintillators have a size of
�� �� �� mm� and they are used in coincidence with a hodoscope tile to de�ne a
trigger	

The impact point distribution for events� which were tracked by the �nger counters�
were �tted in di�erent bins of the particle energy �Tod���	 The resulting spatial reso

lution� together with the testbeam measurement is shown in Figure �	��	 The energy

�The given resolution is averaged over the x and y coordinate� which were di�erent in the testbeam
due to an inclination of the calorimeter of ���
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Figure ����� The position resolution of the FNC as a function of the incident
particle�s energy� The result of the testbeam and the measurement at HERA
based on charged particles tracked by special 	nger counters is shown together
with a combined 	t �see Equation ������

dependence of the spatial resolution of the FNC was determined to be�

�xy�E� �

�
����� ����p
E �GeV�

 ���� �����
�
cm � ��	���

Extrapolating this �t to higher energies� the spatial resolution for hadronic particles
with ���GeV 
 E 
 ��GeV can be estimated to be �xy � ��� cm	

��� Energy Calibration of the FNC

The �� modules of the FNC were initially calibrated at CERN using a ��GeV incident
electron beam and a ��GeV pion beam	 The FNC was positioned on a movable
platform which allowed to focus the beam in the centre of the di�erent calorimeter
modules in order to measure the response of each module separately	 The electron beam
data were used to determine preliminary calibration constants by a matrix inversion
procedure �Nun��� Sch���� which makes use of the response not only of the central
module but also of the surrounding neighbours	 The calibration was cross�checked with
the containment method� which relies only on the information of the central module�
and with the pion�data taken at a beam energy of ��GeV	
The calibration constants taken at such low energies� and in particular the absolute

scale of the calibration� cannot be extrapolated reliably to the energy range which is of
interest in the H� experiment with energies up to ��GeV	 Therefore it is necessary to
calibrate the detector in situ within the setup of the H� experiment using high�energy
particles� of which the energy distribution has to be known	
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����� Calibration in the H� Setup

High�energy neutrons can be produced in interactions between the proton beam and
the residual gas in the beam pipe�� which mostly consists of hydrogen� through the
reaction pp� nX at a centre�of�mass energy of

p
s � ��GeV	 This reaction has been

studied extensively at the Intersection Storage Ring ISR at CERN �Fla��� and at the
�m�liquid hydrogen bubble chamber at the CERN proton synchrotron �Blo���	 The in

clusive neutron spectrum for production angles of �� as a function of z � En�Ebeam has
been measured at the ISR at centre�of�mass energies between 	�GeV and �	�GeV�
which is comparable to

p
s of beam�gas interactions at HERA	 In the bubble cham


ber experiment the energy spectrum was measured for transverse momenta pT of the
produced neutrons between �GeV and �GeV	 The data were taken at incident proton
beam momenta of pL � �GeV and pL � �GeV respectively	 In the high z and low
pT range this data are well described by pion exchange and have been used to constrain
the pion �ux factor �Hol��� Hol���� which is shown in Figure �	�� where the neutron z
spectrum� taken at di�erent values of pT � is compared to the � exchange model	 There
are additional small contributions due to � exchange	
This result is implemented in the Pompyt Monte Carlo program �Bru���� which

has been used to simulate the reaction pp � nX based upon � exchange	 The ac

ceptance and the energy response of the FNC are simulated by tracking the generated
neutrons through the Geant simulation of the H� beam line and by smearing the
energy according to the resolution of the calorimeter �see Section �	�	��	 The resulting
energy spectrum serves as a reference distribution� to which the beam�gas data are
adjusted	
At H� special calibration data were taken every few weeks in between the normal

luminosity runs during periods with stable proton beam conditions	 For these data only
the FNC trigger was employed� and only the FNC electronics were read out allowing to
take high statistics in a relatively short amount of time �����k events written to tape
in about � to �� minutes�	 Run�dependent calibration constants were determined
by adjusting the high energy spectrum of the observed neutrons with the reference
distribution obtained with the pp � nX Monte Carlo	 Since the pion �ux factor
implemented in this Monte Carlo is constrained by measured hadronic data� the FNC
is e�ectively calibrated with respect to previous experimental results	
Figure �	�� shows the calibrated neutron energy spectrum� which has been observed

in proton beam�gas interactions and which has not been corrected for acceptance or
trigger e�ciency� compared to the results of the Monte Carlo simulation	 The two
distributions are normalized to the same number of entries above ��� GeV	 The peak
position and the high energy tail observed in the data are in good agreement with
the simulation	 Since the rate of neutron production with z 
 ��� is known to be
underestimated by pion exchange �Hol���� the proton beam�gas data in this energy
range is not exploited for calibration purposes	 In addition the e�ciency of the trigger
used for taking the beam�gas data is less than ���& for energies below ���GeV	
This comparison� between proton beam�gas interactions and the pion exchange

Monte Carlo simulation� is the method which is employed to determine the absolute
energy scale of the FNC	 A �& energy scale uncertainty for the FNC is estimated

�In the following called beam�gas interactions�
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Figure ����� Inclusive neutron z spectrum in the reaction pp� nX for di�erent
	xed values of the neutron�s transverse momentum pT � The variable y in the
	gure denotes what in this analysis is referred to as z� k� is the same as pT �
The data are compared to the contributions of � exchange �dashed line� and
of � exchange �dotted line�� and to the sum of both contributions �solid line��
The 	gure is taken from �Hol��� and includes data from �Fla��� and �Blo����

which is demonstrated in Figure �	��� where the energy spectrum of neutrons obtained
in beam�gas interactions has been shifted by ��&	 The shifted distributions di�er
signi�cantly from the Monte Carlo prediction	
In addition to the determination of the absolute energy scale of the FNC� the

relative intermodule calibration obtained in the testbeam was corrected with the use
of the lateral shower pro�le of high�energy neutrons	 This pro�le distribution has
been obtained by measuring the average energy deposit in a calorimeter module as
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Figure ����� The observed neutron energy spectrum in proton beamgas inter
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Figure ����� Estimation of the energy scale uncertainty of the FNC� The en

ergy spectrum of neutrons obtained in beamgas interactions has been shifted
by �	& and is compared to the predictions of the Monte Carlo simulation�
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a function of the distance between the centre of the module and the impact point of
the incident particle	 Having a correct relative intermodule calibration� the shape of
the lateral shower pro�le does not depend on the impact point or in particular on the
central module	 The relative calibration constants have been iteratively adjusted in
order to ful�l this condition� which is demonstrated in Figure �	��� where the shower
pro�les of events with di�erent central modules are compared	 Both distributions
agree in magnitude and shape which indicates the quality of the relative intermodule
calibration of the FNC	

����� Monitoring of the Short�Term Variations

The short�term gain variation of the FNC photomultipliers is measured by a LED mon

itoring system �Nun��� Met���	 The light from seven light�emitting�diodes �LEDs��
which are �ashed regularly with a rate of � �Hz during data taking� is coupled by op

tical �bres to the entrance windows of all the photomultipliers	 The average response
of the photomultipliers to the LED light is used on a run�by�run basis to correct for
small changes in the gain of the photomultipliers	 When there are stable beam condi

tions� the gain variation of the photomultipliers is � ����& during a run� which has an
average duration of ��� minutes �Met���	

����� Linearity of the Energy response

The linearity of the energy response of the FNC has been measured during dedicated
energy rampings of the proton beam	 For this purpose the proton beam which is
injected at Ep � ��GeV was not directly accelerated to its maximal energy of ��GeV
as normally� but instead it is kept at intermediate constant values allowing to measure
the neutron energy spectrum obtained in beam�gas interactions at di�erent nominal
beam energies	
It has been shown that the shape of the neutron spectrum as a function of z �

E �
n�Ep does not depend on the momentum of the proton beam �Fla���	 Therefore the
peak position of the observed energy spectrum is expected to scale with the proton
beam energy	 Figure �	�� shows the neutron spectra taken at di�erent intermediate
beam energies during the proton beam ramping	 The peak positions of these distribu

tions have been �tted and the result of these �ts is plotted in Figure �	�� as a function
of the beam energy	 The comparison to a linear interpolation shows that the calorime

ter response is linear to a level of better than ��&	 This estimate can be considered as
an upper limit since the proton beam was not tuned for the intermediate energy levels
which introduces systematic deviations due to the di�erent beam conditions	
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Figure ����� The neutron energy spectrum obtained in beamgas interactions
with four di�erent nominal proton beam momenta� The peak position of each
distribution has been 	tted with a Gaussian�
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Figure ����� The linearity of the energy response of the FNC� Shown are
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Chapter �

Measurement of the Cross Section

of Leading Neutron Production in

Deep�Inelastic Scattering

In this chapter the measurement of leading neutron production in deep�inelastic ep
scattering is described	 The triple�di�erential cross section d����dx dQ� dz� for the
process ep� enX with a leading neutron of transverse momentum pT � ��MeV has
been measured in analogy to an earlier measurement of leading proton production in
the same pT range �Lis���	

This measurement is used to determine the semi�inclusive leading neutron structure
function F

LN���
� �x�Q�� z�� which is de�ned in a similar way like the inclusive proton

structure function	

The chapter is organized as follows� At the beginning the method used for the
extraction of the leading neutron structure function F

LN���
� is explained	 A brief outline

of the data selection and the event reconstruction is given in the following section	 The
determination of the migration and acceptance corrections is separated into two parts�
First the e�ciencies and the correction factors� which only depend on the inclusive
variables x and Q� are described	 The following sections are devoted to the part
of the analysis which involves the measurement of the kinematics of the produced
neutron	 The corrected z spectrum of the leading neutrons is determined using an
unfolding method	 At the end of this chapter a compilation of the systematic errors
of this analysis is given and �nally the result of the measurement of the semi�inclusive
structure function F

LN���
� �x�Q�� z� is presented	

��� The Semi�Inclusive Structure Function F
LN���
�

Analogous to the inclusive structure function F� of the proton� the leading neutron
structure function F

LN���
� �x�Q�� z� is de�ned with respect to the triple�di�erentialBorn

cross section d��Born��dx dQ
� dz�� which describes ep scattering in the single photon

exchange approximation to the lowest order in the electromagnetic coupling constant �	
It is not possible to measure the Born cross section directly since the physical cross sec

tion always comprises contributions to all orders in �	 Corrections arise from the radia


��
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tion of real photons from the incident or scattered electron �see Section �	��	 Denoting

these corrections with �rc�x�Q
��� the semi�inclusive structure function F

LN���
� �x�Q�� z�

is de�ned with respect to the measured cross section d����dx dQ� dz� for the produc

tion of leading neutrons with transverse momentum pT � ��MeV according to the
following equation�

d���ep� enX�

dx dQ� dz
�x�Q�� z� � ��x�Q�� z� � ��  �rc�x�Q

��� � FLN���
� �x�Q�� z� � ��	��

which includes the kinematic term

��x�Q�� z� �
����

xQ�

�
�� y  

y�

 ��  R �x�Q�� z��

�
� ��	�

R � �L��T is the ratio between the absorption cross sections for longitudinally and
transversely polarized virtual photons	 In the kinematic range covered by this analysis�
the structure function FLN���

� is rather insensitive to the value of R� so that R � � is
assumed	 The variation from R � � to R � � leads to a �& change at most in the
resulting value of F

LN���
� for the range of y covered in this measurement	

Using measured or calculable quantities the structure function F
LN���
� can be ex


pressed by the following relation�

F
LN���
� �x�Q�� z� �

Ndata�ijk �Nbg�ijk

L A��ijk ��  �rc�ij�
�� �Iij(zk���Cbinc�ijk � ��	��

where


 Ndata�ijk is the number of events observed in a speci�c �xi� Q
�
j � zk��bin	


 The number of events originating from potential background processes Nbg�ijk is
subtracted	


 L is the integrated luminosity of the data sample which is used in the analysis	

 Trigger e�ciencies� acceptance and resolution e�ects are taken into account by
the migration and acceptance correction factor Aijk	 These corrections can be
separated into an �x�Q�� and a z�dependent part� which is demonstrated in
Section �	�	


 �rc�ij denotes the radiative corrections� which only depend on the inclusive vari

ables x and Q�	


 The measured cross section has to be divided by the integral of the kinematic
factor �� Z

xi

dx

Z
Q�
j

dQ�

Z
zk

dz ��x�Q�� z� � Iij(zk � ��	��

where

Iij �
����

xQ�

Z
xi

dx

Z
Q�
j

dQ� ��� y  
y�


� � ��	��

(zk �

Z
zk

dz �
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and the integration is performed over the full size of the �xi� Q
�
j � zk��bin� i	 e	

xi�min � x � xi�max� Q
�
j�min � Q� � Q�

j�max and zk�min � z � zk�max	


 The factor which transforms the original measurement� which is averaged over the
size of the �xi� Q

�
j � zk��bin� into a measurement at a speci�c point in the centre of

that bin� �xi�cen� Q
�
j�cen� zk�cen�� is expressed by the bin centre correction Cbinc�ijk	

In the following sections� the determination of these experimental quantities and cor

rection factors is described in detail	

��� Event Reconstruction and Selection

This section deals with the reconstruction of the event kinematics and with the selection
of a data sample of good quality which consists of deep�inelastic events with a forward
neutron	 The measurement is performed in the region of GeV� � Q� � ��GeV�� for
which the scattered electron is always contained in the backward calorimeter SPACAL	

����� Reconstruction of the Event Kinematics

In inclusive DIS only two independent kinematic variables are needed besides the
centre�of�mass energy

p
s� which is �xed by the beam energies� to de�ne the kinemat


ics of the lowest order process completely and unambiguously	 Usually one describes
the kinematics of inclusive DIS by the Lorentz invariant variables x� Q� and y	 Only
two out of these variables are independent� since Q� � x y s� if masses are neglected	
At HERA one can separately measure four kinematic quantities� which can be used

to calculate the inclusive Lorentz invariant variables� the energy and the scattering
angle of the outgoing electron and the hadronic �nal system respectively	 Therefore
the event kinematics is over�constrained and one has several possibilities to combine
the measured quantities	 The choice can be optimized in order to minimize the detector
resolution e�ects and the in�uence from higher order e�ects �radiative corrections�	 A
detailed discussion of the di�erent methods to reconstruct the event kinematics is given
in �Ben��	 For this analysis the so�called )�method was used �Bas���� which has only
a small dependence on radiative e�ects and provides a uniformly good resolution of
the kinematic variables x and Q� over a wide kinematic range	
The )�method combines the scattered positron energy and angle measurements

with the quantity )� which is the sum over all hadronic �nal state particles �h� of the
di�erences between energy and longitudinal momentum�

) �
X
h

�Eh � pz�h� � ��	��

The variable ) can be measured with good precision� since for the part of the hadronic
�nal state� which escapes detection through the forward acceptance hole of the detector�
Eh 	 pz�h	 Thus� the contribution of these particles to the sum over the entire hadronic
�nal state is negligible	 There are practically no losses in the backward region since
the hadronic �nal state is boosted in the proton direction	 In this analysis the quantity
) is calculated using the energy deposits in the calorimeter cells	
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The reconstructed inclusive kinematic variables are de�ned in the following way�

y� �
)

)  E �
e��� cos �e�

� ��	��

Q�
� �

E ��
e sin

� �e
�� y�

�

x� �
Q�

�

y�s
�

��	��

where E �
e and �e are the energy and the angle of the scattered electron and s � �EeEp �

����GeV� is the square of the ep centre�of�mass energy	 The four�vector of the scat

tered electron is determined using the energy measurement of the backward calorimeter
SPACAL and the determination of the scattering angle provided by the backward drift
chamber BDC �Mar���	
The fractional energy z � E �

n�Ep and the transverse momentum pT of the forward
neutron are measured using the FNC� which is described in detail in Section �	�	

����� Run Selection

The data used for this analysis were taken during ����� in which HERA was running
with a positron beam of Ee � ���GeV and a proton beam of Ep � ��GeV	 A trigger
which required an energy deposit in the SPACAL and the absence of out�of�time
background signals was used to obtain the DIS data containing a high�energy neutron	
During ���� H� recorded an integrated luminosity of ��� pb�� on tape	 Part of this
data sample had to be rejected for this analysis	 Only runs were selected� during which
all important detector components were working reliably	 The selection criteria are as
follows��


 The quality of the selected runs has to be categorized as good or medium and
the trigger setup has to correspond to luminosity condition �trigger phase  to
��	


 The integrated luminosity of a single run has to be at least ��� nb�� in order to
guarantee statistical signi�cance	 Suspicious runs for which the expected number
of events di�ers considerably from the observed number of events were rejected�
e	 g	 if the statistical probability for this deviation is below ����	 This selection
criterion mainly ensures that run periods with obvious defects of the trigger or
other parts of the detector are discarded	


 Runs are rejected if for more than �& of the integrated luminosity of this run�
the high�voltage alarm of one relevant detector component is on in order to
ensure that the detector is operational	 For accepted runs� events which take
place during a malfunction of the detector are discarded and the luminosity is
corrected appropriately	

�The run selection and the calculation of the integrated luminosity was performed using �Egl���
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Figure ���� The integrated luminosity of the selected data sample �a� and
the integrated number of selected events �b� versus the run number� None of
the data with run numbers between ������ and ������ could be used in this
analysis due to a malfunction of the selected trigger�


 The correction of the luminosity due to satellite bunches has to be smaller than
�& in order to ensure an accurate determination of the luminosity	 The cor

rections have been calculated according to the cuts on the z�coordinate of the
vertex position� which have been applied for the �nal event selection	


 Additional runs are discarded� for which the e�ciency of the selected trigger is
signi�cantly lower than on average �see Section �	��	

The integrated luminosity of the selected data sample was determined to be L �
������ ����� pb��� where the systematic error includes the uncertainty of the satellite
bunch corrections	 Figure �	� shows the integrated luminosity and the integrated num

ber of events as a function of the run number	 The data with run numbers between
����� and ����� were discarded due to a malfunction of the selected trigger �see
Section �	��	
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DIS Selection Criteria
Electron energy E �

e  �GeV
Electron scattering angle ���� � �e � ����
Lateral shower pro�le ECRA 
 ��� cm
Kinematic region GeV� � Q� � ��GeV�

� � ���� � x � � � ����
��� � y � ���

Momentum conservation
P

i�Ei � pz�i�  ��GeV
Vertex position �� cm � zvtx � �� cm
Trigger selection actual subtrigger s�
Bunch crossing ep colliding
Luminosity condition high�voltage on� run quality

Final State Neutron Selection Criteria
Number of clusters in FNC ncl � �
Charge of cluster neutral� q � �
Reconstructed energy E �

n  ���GeV
Transverse momentum pT � ��MeV
Impact point inside acceptance region
Timing of the cluster tcl � � ns

Table ���� Summary of the selection criteria�

����� Selection of DIS Events with a Forward Neutron

Criteria were applied to the data sample in order to select deep�inelastic scattering
events and suppress beam related backgrounds� events due to photoproduction and
events from reactions in which the incoming positron lost a signi�cant amount of energy
by radiation �initial state radiation�	 Additional cuts ensure that the selected events
contain a neutron with a transverse momentum pT � ��MeV	 The DIS selection
criteria used in the analysis are�


 A positron with energy E �
e  �GeV in the angular range ���� � �e � ����

is required which ensures that the scattered positron is within the acceptance
region of the SPACAL electromagnetic calorimeter	


 The DIS kinematic variables are required to be in the range GeV� � Q� �
��GeV�� � � ���� � x � � � ���� and ��� � y � ���	


 The quantityPi�Ei�pz�i�� which is calculated using the energy Ei and the longi

tudinal momentum pz�i of all �nal state particles including the scattered electron�
is expected to be twice the electron beam energy	 This quantity is required to be
 �� GeV in order to suppress radiative events and photoproduction background	


 Photoproduction background is also suppressed by a cut on the lateral shower
pro�le of the reconstructed electron� The so�called Energy weighted Cluster RA�
dius ECRA has to be less than �	� cm	
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Figure ���� Distribution of the selected events in the �x�Q��plane� Shown
are all events which pass the selection criteria except of the cuts in x and Q��
The �� �x�Q��bins� the cut on y and on the electron scattering angle �e are
indicated�


 Only events with a reconstructed vertex are selected	 The vertex position is
required to be within ��� cm of the nominal vertex position in z� which is at
zvtx � � cm for the ���� data taking period	


 In addition it has been checked for the selected events� that they originate from
real bunch crossings �empty bunches or pilot bunches are rejected� and that
they occur during runs or part of runs which enter into the determination of the
integrated luminosity of the data sample used in this analysis	 The actual trigger
bit of the selected subtrigger �subtrigger s�� has to be set	

Cuts related to the �nal state neutron are�


 One neutral cluster with E �
n  ���GeV and pT � ��MeV is required to be

reconstructed in the FNC	


 The reconstructed impact point of the cluster is demanded to be inside the accep

tance region de�ned by the Monte Carlo simulation of the forward beam line �see
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Section �	��	 This cut rejects in particular protons which are de�ected upwards
by the dipole magnets of the proton beam line and which hit the top part of the
calorimeter	


 The timing of the cluster signal has to be compatible with the time of the bunch
crossing� in which the deep�inelastic event happened	 This cut ensures that the
cluster does not originate from a di�erent bunch crossing	

A summary of the selection criteria can be found in Table �	�	

��� Division of the Kinematic Plane

In order to allow a direct comparison of the leading neutron and proton data� the
neutron data sample was grouped into the same � �x�Q���bins like in the previously
performed leading proton analysis �Lis���	 The kinematic region was divided into �
x�intervals� which in each case cover a range in x of about a factor of three	 The Q��
range was partitioned into � intervals� which are growing in dimension for increasing
values of Q�	

�x�Q�� Q� x range in Q� range in x
bin l bin j bin i
� � � GeV� � Q� 
 ���GeV� ��� � ���� � x 
 ��� � ����
 �  GeV� � Q� 
 ���GeV� ��� � ���� � x 
 ��� � ����
� � � GeV� � Q� 
 ���GeV� ��� � ���� � x 
 ��� � ����
�   ���GeV� � Q� 
 �GeV� ��� � ���� � x 
 ��� � ����
�  � ���GeV� � Q� 
 �GeV� ��� � ���� � x 
 ��� � ����
� �  �GeV� � Q� 
 ��GeV� ��� � ���� � x 
 ��� � ����
� � � �GeV� � Q� 
 ��GeV� ��� � ���� � x 
 ��� � ����
� � � �GeV� � Q� 
 ��GeV� ��� � ���� � x � ��� � ����
� � � ��GeV� � Q� 
 �GeV� ��� � ���� � x 
 ��� � ����
�� � � ��GeV� � Q� 
 �GeV� ��� � ���� � x � ��� � ����
�� � � �GeV� � Q� � ��GeV� ��� � ���� � x 
 ��� � ����
� � � �GeV� � Q� � ��GeV� ��� � ���� � x � ��� � ����

Table ���� De	nition of the �� bins in x and Q��

z�bin k range in z
� �� � z 
 ���
 ��� � z 
 ���
� ��� � z 
 ���
� ��� � z � ���

Table ���� De	nition of the � bins in z�



��� Separation of the Migration and Acceptance Corrections ��

The limits of the � �x�Q���bins are given in Table �		 They are also indicated in
Figure �	� where all the events which pass the selection criteria � except of the cuts in
x and Q� � are shown	 There are in total ��� events passing all the selection cuts�
of which ����� events belong to one of the � bins	
The z�range between �	 and � was divided into � intervals with a common width

of (z � �� �see Table �	��	

��� Separation of the Migration and Acceptance

Corrections

In this analysis the acceptance and migration corrections are divided into two parts�
i	 e	 migration and acceptance e�ects in �x�Q�� and z are separately corrected for	
This separation can be justi�ed� since there is no evidence for a dependence of the
�nal state neutron on the scattered positron in the kinematic range covered by this
measurement	 This independence assumption was also done in H��s measurement of
leading proton production �Lis��� and in an analysis on the event properties of leading
protons performed by ZEUS �ZEU���	
The shape of the uncorrected z distribution is similar in all �x�Q���bins� which

is demonstrated in Figure �	�� as well as the uncorrected x and Q� distributions� of
which the shapes are not signi�cantly di�erent for the � individual intervals in z �see
Figures �	� and �	��	
In the following the true z and �x�Q���bin are signi�ed by k and l and the smeared

�reconstructed� bins by m and n respectively	 Furthermore the number of generated
events in the k�th z and l�th �x�Q���bin is denoted by Ckl and the number of recon

structed� smeared events in the m�th z and n�th �x�Q���bin by Dmn	 The projection
from the true to the smeared bins can be expressed by a transformation matrixMklmn�

Dmn �Mklmn � Ckl � ��	��

The de�nition of the transformation matrixMklmn is visualized in Figure �	�� where
the arrows symbolize di�erent components of the matrix	 The non�diagonal compo

nents ofMklmn have the following relations�


 Migration in z� since the z distribution is similar in all �x�Q���bins� the following
equation holds �compare the dashed arrows in the �gure��

M�p	p �M�q	q � p� q and �xed �� �� ��	���


 Migration in x and Q�� since the x and Q� distribution are similar in all z�bins�
also the following expression is valid �compare the solid arrows in the �gure��

Mr
r� �Ms
s� � r� s and �xed �� �� ��	���

Therefore �compare the dotted arrow in the �gure��

M	
	� �M�
	
 �M��	� �M�
��
�
�M�
	� � ��	��
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Figure ���� Uncorrected z spectrum in the �� �x�Q��bins �arbitrary scale��

where the last equation holds� since there is no evidence for a correlation between the
x and Q� values and the z values observed in the data	
Consequently the acceptance and migration correction can be separated into an

�x�Q�� and a z dependent part� i	 e	 the correction factor Aijk� which was de�ned in
Equation �	�� factorizes�

Aijk � *Al � $Ak � ��	���

where *Al denotes the correction
�� which depend on x and Q� and $Ak the one which

depends on z	 *Al is the product of the trigger e�ciency Tl and of the reconstruction
e�ciency Rincl�l for the inclusive quantities�

*Al � TlRincl�l � ��	���

�The indices i and j are combined into a single index l�
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Figure ���� Factorization of the migration and acceptance corrections� The
�x�Q��bins are arranged in the vertical direction� whereas the zbins are
grouped in the horizontal direction� The arrows symbolize di�erent compo

nents of the transformation matrix which projects the true bins to the smeared
�reconstructed� bins�

The correction factor $Ak is given by

$Ak � �ndRFNC�k � ��	���

where �nd is the neutron detection e�ciency �see Equation �	�� and RFNC�k denotes
the corrections due to the limited acceptance and the energy resolution of the forward
neutron calorimeter	

��� Trigger Selection

Every high�rate experiment demands a complex trigger system which selects events of
particular physics classes with high e�ciency	 An overview of H��s trigger system is
given in Section 		
The events which ful�l the selection criteria of this analysis are characterized by an

scattered electron which is detected by the backward calorimeter SPACAL	 Therefore
a trigger was chosen which is mainly based on an energy deposit in the SPACAL� the
subtrigger s�	 This subtrigger requires�


 a local energy deposit of �
� �GeV in the electromagnetic part �Trigger elements�

SPCLe IET�� or SPCLe IET Cen�� �Bou����


 a total energy deposit of �� ��GeV in the electromagnetic part� which is inside a
time interval of � � ns around the bunch�crossing �SPCLe TOF E ���



��� Trigger Selection ��


 the absence of out�of�time background indicated by the veto signal of the Time�
of�Flight counters �see Section 	��


 and a combination of general vertex trigger conditions	

The subtrigger s� has the advantage over the other DIS trigger used in the ���� running
period that it was highly e�cient in the low Q��region �Q� � GeV�� and that it was
usually not prescaled during the ���� data taking	 In the data sample used for the
present measurement� no prescale factor was applied at any time to the subtrigger s�	
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Figure ���� Trigger e�ciency as a function of�
�a� run number� shown is the e�ciency of subtrigger s� averaged over the entire
kinematic range�
�b� run range� the runs with malfunction of the trigger have been discarded�
neighbouring runs have been combined�
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����� Trigger E	ciencies

The e�ciency of subtrigger s� is calculated from the data using a sample of events
triggered independently of the SPACAL� i	 e	 no trigger element� which is provided by
the SPACAL� is used in the de�nitions of the SPACAL�independent triggers	 Events
are accepted for the trigger sample if they ful�l the DIS�selection criteria	 The cuts
related to the �nal state neutron are not applied in order to increase the statistical
signi�cance	 The trigger e�ciency is subsequentially given as the ratio of events in the
trigger sample� for which the actual subtrigger s� has been set� over the total number
of events contained in this sample	

Figure �	�a shows the calculated trigger e�ciency as a function of the run number	
The e�ciency averaged over the whole kinematic range of the measurement is � ��&
for most of the runs� except for the period between the run numbers ���� and ������
in which the e�ciency dropped dramatically	 This malfunction of the trigger was due
to a shift of the timing of the HERA beams leading to the condition� that the signal
caused by the energy deposit in the SPACAL was not fully contained in the time
interval around the nominal bunch crossing which is assigned to in�time signals	 Thus�
the trigger element SPCLe TOF E � did not �re regularly	 Since the a�ected runs do not
allow an accurate determination of the trigger e�ciencies� they were discarded from
the analysis	 For the �nal data sample the trigger e�ciency is nearly constant� which
is demonstrated in Figure �	�b� where neighbouring runs have been combined in order
to increase the statistics	

The trigger e�ciency Tl has been calculated separately in the �x�Q
���bins	 The

result is given in Table �	�	 A common systematic error of �& was added to the
statistical error of the trigger e�ciency which re�ects possible event losses due to the
background veto of the ToF counters �Mey���	

�x�Q���bin l trigger e�ciency Tl stat	 error in &
� �	��� �	�
 �	��� �	��
� �	��� �	�
� �	��� �	��
� �	��� �	�
� �	�� �	��
� �	��� �	��
� �	��� �	��
� �	��� �	�
�� �	��� �	�
�� �	��� �	��
� �	�� �	�

Table ���� Trigger e�ciency in the �� �x�Q��bins� Shown is the e�ciency Tl
of subtrigger s� and the corresponding statistical error� There is an additional
common systematic error of � � For the de	nition of the bins see Table ����



��� Reconstruction E�ciency in the �x�Q��Plane ��

��� Reconstruction E	ciency in the 
x�Q���Plane

The reconstruction of a deep�inelastic event and of its inclusive kinematic quantities
x and Q� is in�uenced by the following two e�ects�


 Smearing and bin migration� Due to the limited resolution of the detector
the values of the variables x and Q� can be signi�cantly smeared� leading to the
possibility that an event� which is produced in a certain �x�Q���bin� is �nally
reconstructed in a di�erent bin	


 Acceptance� The track and the cluster of the scattered electron and the vertex
are only reconstructed with a probability smaller than ���&� which leads to event
losses	

For the evaluation of these e�ects and the determination of the correction factors the
DjangoMonte Carlo program �Sch�� Spi��� was used� which simulates deep�inelastic
ep scattering including QED and QCD radiative e�ects�	 Events are generated accord

ing to the GRV�LO �Gl�u��� parton distributions	 The identities and the four�momenta
of all �nal state particles are fed into a simulation of the H� detector �H�SIM �H�C����
which is based on Geant �ASG���	 The detector response is simulated taking the
detector geometry and the resolution of the detector components into account	 The
Monte Carlo events are subsequentially reconstructed and analyzed as if they were real
data	 In particular the DIS�selection criteria �see Table �	�� are also imposed to the
Monte Carlo sample	
Figure �	� shows a comparison between the data and the reconstructed Django

Monte Carlo for one of the �x�Q���bins	 There is a good agreement between the
observed distributions of the inclusive quantities	 Also the comparisons in the other
�x�Q���bins yield similar results� which shows that the Django Monte Carlo and
the detector simulation give a correct description of the underlying physics processes
and the detector response respectively	 Thus� it is justi�ed to use this Monte Carlo
simulation for the determination of the reconstruction e�ciency	
Denoting the number of generated events in the l�th bin by Ngen�l and the number of

reconstructed events in this bin by Nrec�l �where the events do not necessarily originate
from the same bin�� the reconstruction e�ciency Rincl�l for the l�th bin can be expressed
by

Rincl�ij �
Nrec�l

Ngen�l
� ��	���

Nrec�l has been computed using the same DIS selection as for the data �see Table �	��	
No selection criteria� in particular no cuts on y� have been applied for the evaluation of
Ngen�l	 The generated events have been assigned to the di�erent �x�Q

���bins according
to the value of x and Q� at the photon�proton vertex� i	 e	 those values which the parton
distribution functions are de�ned with respect to	 The result for the � �x�Q���bins
is given in Table �	� and it is in addition displayed in Figure �	�a	 The bin stability�
which denotes the fraction of events which are reconstructed in the same bin as they
were generated in� is shown in Figure �	�b	 It is about �����&	

�
Django is an interface of the Monte Carlo programs Heracles �Kwi�� and Lepto �Ing���
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��� Reconstruction E�ciency in the �x�Q��Plane ��

�x�Q���bin l Reconstruction e�ciency Rl stat	 error in &
� �	�� �	�
 �	��� �	�
� �	��� �	�
� �	��� �	�
� �	��� �	�
� �	��� 	�
� �	��� 	�
� �	��� 	�
� �	��� 	�
�� �	��� 	�
�� �	��� �	�
� �	�� �	�

Table ���� Reconstruction e�ciency Rl in the �� �x�Q
��bins as determined

with the DjangoMonte Carlo and corresponding statistical error� The vertex
reconstruction probability is included in Rl� For the de	nition of the bins see
Table ����
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Figure ���� �a� Reconstruction e�ciency Rl in the �� �x�Q
��bins� The vertex

reconstruction probability is included in Rl� The inner error bars show the
statistical error and the outer error bar the statistical and systematic error
added in quadrature� The systematic error is determined in Section ������
�b� The stability in the �� �x�Q��bins� It is de	ned as the fraction of events
which are reconstructed in the same bin as they are generated in�
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����� Systematic Error of the Reconstruction E	ciency

The accuracy of the determination of the reconstruction e�ciency Rl depends on the
precision of the energy and track measurement of the �nal state particles and in par

ticular of the scattered electron	 Besides the resolution of the detector components�
which is already taken into account in the detector simulation� there are additional
uncertainties in the absolute energy scale of the calorimeter and in the alignment of
the tracker	 The most prominent sources for systematic errors are�


 The absolute electromagnetic energy scale of the SPACAL for the mea

surement of the scattered electron�s energy	 The kinematic variables were recalcu

lated� while increasing �and decreasing� the reconstructed energy of the scattered
electron according to the absolute energy scale uncertainty� which was deter

mined to be �& at ���GeV increasing linearly to �& at �GeV �H�C��a�	 The
larger deviation was taken to estimate the systematic error on the reconstruction
e�ciency� which is �	��& to �	�& depending on the particular �x�Q���bin	


 Potential misalignment of the BDC for the determination of the scattering
angle of the �nal state electron	 The scattering angle was varied by ����mrad�
according to the accuracy of the BDC alignment �Kat���� which results in a
systematic error of �	�& to �	�&	


 The hadronic energy scale of the Liquid�Argon�calorimeter for the mea

surement of the kinematic quantity ) of the hadronic �nal state	 The hadronic
energy scale of the LAr�calorimeter is known to �& �H�C��b�	 This leads to a
systematic uncertainty on the reconstruction e�ciency of �	�& to 	�&	

Adding this uncertainties in quadrature the systematic error on the reconstruction
e�ciency Rl can be estimated to be 	& to �	�& depending on the speci�c �x�Q���
bin	

��� Radiative Corrections

As described in Section �	�� the leading neutron structure function FLN���
� is de�ned

with respect to the Born level� which describes ep scattering to lowest order pertur

bation theory	 Therefore the measured cross section� which comprises all higher order
electroweak diagrams� has to be corrected for these additional processes	

��
�� Outline of QED Radiation

The corrections of O��� are dominated by processes� where a photon is radiated from
the electron or the struck quark� either in the initial or �nal state �Spi��	 Compared
to the leptonic radiation� the quarkonic corrections are supressed due to the smaller
charge and higher mass of the quarks	 Interference terms between the lepton and quark
line contribute less than �& to the radiative e�ects	 Corrections� involving the heavy
vector bosons of the weak interaction �Z
� W��� are tiny for low and intermediate
values of Q� �Q� 
 ���GeV��	



��� Radiative Corrections ��

�x�Q�� Error on Error on Error on Combined error
bin +l E �

e �&� �e �&� ) �&� �rec�l �&�
� �	�� 	�� �	�� �	��
 �	�� �	�� �	�� 	��
� �	�� �	�� �	�� 	�
� 	�� 	� �	�� �	�
� �	�� �	�� 	�� �	��
� �	�� �	�� �	�� �	�
� �	�� �	�� �	�� �	�
� �	�� 	�� �	�� �	��
� �	�� �	�� �	�� �	�
�� �	�� �	�� �	� �	�
�� �	�� �	�� �	�� �	��
� �	�� �	� �	�� �	��

Table ���� Systematic error on the reconstruction e�ciency Rl� It has been
evaluated by varying the electron energy E �

e and scattering angle �e and the
kinematic quantity ) of the hadronic 	nal state� For the de	nition of the bins
see Table ����
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Figure ����� The dominant contribution to the process ep � ep�� �a� ini

tial state radiation �ISR�� �b� 	nal state radiation �FSR�� p�p�� e�k�� X�p��
and e�k�� denote the fourvectors of the incident proton and electron� of the
hadronic 	nal state and the scattered electron respectively� ��K� corresponds
to the radiated photon� The fourmomentum squared of the virtual photon
and electron is given by q� and q�� �q�����
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Thus� the radiative corrections are dominated by initial state radiation from the
incoming electron or by �nal state radiation from the outgoing� scattered electron	 The
Feynman diagrams of these processes are sketched in Figure �	��� where also the rele

vant four�vectors are de�ned	 Based on the kinematic domain and the corresponding
event topology one can de�ne the following three classes of radiative events �Cou��
H�C����


 The bremsstrahlung process corresponds to the singularities in both the vir

tual electron and photon propagators� where the electron and the photon are
scattered at very low angles	 The case of elastic scattering� also known as Bethe�
Heitler process� which has a verly large cross section is employed for the mea

surement of the luminosity �see Section 	�	 The radiated photon� as well as the
electron and proton� disappear through the beam pipe and are not detected by
the central detector	


 In the QED Compton process the negative four�momentum squared �q� of
the virtual photon is much smaller than �q�� or q��� of the virtual electron� which
is linked to the real photon	 The dominant contribution to Compton scattering
is the elastic channel �ep� ep��� of which the signature is given by two electro

magnetic clusters in the backward calorimeter	 Also for the inelastic channel� no
additional particles are within the acceptance for most of the events� so that no
vertex can be reconstructed	 Therefore� in the present analysis the background
contribution due to QED Compton scattering is negligible	


 In the case of radiative DIS processes the virtuality �q� of the photon is
large ��q� �� �GeV��� while �q�� �q���� is small� leading to the �nearly� collinear
radiation of a real photon either in the initial or �nal state	 Thus� radiative DIS
events are contained in the selected data sample	

For the Born diagram� the inclusive kinematic variables x and Q� can be de�ned
unambiguously	 This is not the case for radiative events� where the corresponding val

ues are dissimilar at the electron�photon and the photon�proton vertex respectively� so
that the kinematics are reconstructed di�erently depending on the chosen reconstruc

tion method	 Since the structure function parameterizes the photon�proton vertex and
since the leptonic radiation is dominant� the electron method has the largest correc

tions to the measured cross section	 Therefore� the ) method which is less in�uenced
by radiative corrections is used in this analysis	

��
�� Determination of the Radiative Corrections

The reconstruction e�ciency in the �x�Q���plane �see Section �	�� was determined
using the Django Monte Carlo �Sch�� Spi���� which calculates QED radiative correc

tions using the Heracles program �Kwi�� Kwi���	 The measured cross section was
corrected with respect to the kinematic variables x and Q� as de�ned at the photon�
proton vertex	 Therefore the calculated e�ciencies already include the in�uence of
the radiative e�ects on the reconstructed variables� leaving only the correction of the
measured cross section to the Born level still to be evaluated	
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�x�Q���bin radiative correction statistical error
+ l ��  �l� in �&�

� �	��� �	�
 �	��� �	�
� �	�� �	�
� �	��� �	�
� �	��� �	�
� �	��� �	�
� �	��� 	�
� �	��� 	
� �	��� 	�
�� �	��� 	�
�� �	�� 	�
� �	��� 	�

Table ���� Radiative Corrections in the �� �x�Q��bins� The correction factors
��  �l� were evaluated using the Django Monte Carlo� For the de	nition of
the bins see Table ����

These radiative corrections� denoted as �rc�l� are calculated for each �x�Q
���bin

using the Django Monte Carlo on the generator level �without detector simulation�	
The correction factors are equal to�

��  �rc�l� �
Nrad on�l

Nrad o��l

� ��	���

where Nrad on�l denotes the number of events generated in the l�th �x�Q
���bin� when

the radiative corrections are simulated� and Nrad o��l is the corresponding number of
events at the Born level	
The result for ��  �rc�l� and the corresponding statistical errors are given in Ta


ble �	�	 An additional systematic error of & is assumed due to higher order processes
which are not simulated by the Django Monte Carlo program	

�� Detection of Leading Neutrons

The detection and measurement of neutrons with the Forward Neutron Calorimeter
FNC is described in detail in chapter �	 Here only those features� which are crucial for
the cross section measurement are brie�y summarized	
Neutral particles are identi�ed by two segmented hodoscope planes in front of the

detector	 Their combined e�ciency for tagging a charged particle is ����& �see Sec

tion �		�	 The contribution of charged particles to the total rate of particles impinging
on the acceptance region of the calorimeter is � �& �see Section �		�	 Therefore the
contamination of the event sample with charged particles is estimated to be less than
����&	
In this analysis it is assumed that all neutral clusters are produced by neutrons	

Using the Lepto Monte Carlo program �Ing��� and a Geant �ASG��� simulation of
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the H� beam line� the background contribution has been estimated to be �& for events
with z � E �

n�Ep  �� and to consist mostly of K

L and photons� where the latter

do not convert in the lead shielding in front of the detector� which has a thickness of
��� radiation lengths	 The background is further suppressed at higher values of z and
amounts to �& for z  ��� and & for z  ���	
The e�ciency for tagging neutrons has been determined to be �nd � ���� ��& �see

Section �		�	 The losses are due to coincidences in the veto hodoscopes which mostly
originate from the back�scattering of charged particles produced during the neutron�s
hadronic shower	 This back�scattering is also known as albedo	

��� The Corrected Neutron z Spectrum

The kinematics of the leading neutron is determined using the cluster energy Ecl and
the position �xcl� ycl� of the reconstructed impact point as measured by the FNC	 With
the proton beam energy Ep � ��GeV� the fractional energy z of the neutron and its
transverse momentum pT can be expressed by

z �
Ecl

Ep

� ��	���

pT �

p
�xcl � xvtx��  �ycl � yvtx��

l � zvtx
Ecl �

where xvtx� yvtx and zvtx denote the position of the reconstructed vertex and l � ���m
is the distance between the calorimeter and the nominal interaction point	
Due to the modest energy resolution of the FNC �see Section �	�	��� the corrected

leading neutron z spectrum was determined using an unfolding procedure �Blo����
which simultaneously corrects the observed neutron energy spectrum for acceptance
and migration e�ects	

����� The Unfolding Technique

The correction of the z spectrum was performed using a program �Blo��� based on the
concept of regularized unfolding �Blo���	 This method uses generated and reconstructed
Monte Carlo events as input� which de�ne implicitly the acceptance of the detector and
its resolution	 This �response� of the detector is also denoted as the resolution function
A�xm� xt�� which describes the probability that the true variable xt is reconstructed as
the measured quantity xm	 The relation between the true distribution f�xt� and the
measured distribution g�xm� is given by the Fredholm integral equation�

g�xm� �

Z
dxt A�xm� xt�f�xt�  b�xm� � ��	���

where b�xm� represents potential background contribution to the observed distribution	
The input Monte Carlo provides a set of pairs �xt� xm� of the generated and re


constructed quantity�� which de�nes the resolution function A�xm� xt�� the generated

�xm can also denote an event loss�
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�true� distribution f
�xt� and the reconstructed �observed� distribution g
�xm�	 The
evaluated resolution function� and consequentially the result of the unfolding� should
not depend on the input function f
�xt� which may di�er considerably from the true
function f�xt�	 The unfolding program optimizes a weighting�function w�xt�� which is
used to calculate for each Monte Carlo event a weight�factor� depending only on the
true variable xt	 As a result� the reweighted and reconstructed Monte Carlo distribu

tion �ts the measured distribution g�xm�	 Consequentially the true distribution f�xt�
is given by

f�xt� � w�xt�f
�xt� � ��	��

����� Unfolding the z Spectrum

For each bin in �x�Q�� the corrected z spectrum is determined separately by performing
the unfolding procedure over the sub�sample of the data contained within this bin	 The
correction factor RFNC�k de�ned in Equation �	�� is evaluated individually for the �
�x�Q���bins	
The Monte Carlo data sample used in the unfolding procedure consists of events

generated with the Lepto MC �Ing���� of which only the produced neutrons were
passed through the Geant �ASG��� simulation of the forward beam line	 The energy
deposit of the neutrons impinging on the calorimeter was smeared according to the
resolution of the FNC �see Section �	�	��	 Since the Lepto Monte Carlo generator
does not su�ciently reproduce the pT spectrum observed in the data� the generated
events were weighted in pT by assigning to every event a weight�factor a�pT �� which is
calculated with a third order polynomial�

a�pT � � �����  ������GeV
�� � pT � �����GeV�� � p�T � �����GeV�� � p�T � ��	��

Events with neutrons of pT 	 ��GeV were reweighted with a���GeV�	 Those neu

trons� of which the generated transverse momentum of pT 	 ��GeV was reconstructed
inside the range of the selection cut pT � ��GeV� were treated as a background con

tribution to the measurement� which is subtracted consequentially	

The principle of the unfolding procedure is demonstrated in Figure �	��� The
weighting function w�z�� which is applied to the Monte Carlo sample� is optimized
until the reconstructed �accepted� and reweighted Monte Carlo distribution agrees
well with the observed data	 The generated Monte Carlo distribution multiplied by
the weighting function w�z� gives the �nal result for the unfolded data	 In addition
the program calculates a statistical error based on the number of events in the data
and Monte Carlo samples and bin�to�bin correlations	
Figure �	� shows the observed neutron z and pT spectra integrated over the whole

kinematic range in x and Q�	 The data are compared to the reweighted Monte Carlo
simulation which results from the unfolding procedure	 The data and Monte Carlo z
distributions� shown in Figure �	�a� are in agreement by construction	 Figure �	�b
is a control plot� which demonstrates that the reweighted Monte Carlo gives a good
description of the pT distribution� which is not used in the �t	 The z and pT spectra
in the individual �x�Q���bins are shown in Figures �	�� to �	��	
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Figure ����� The observed neutron z and pT spectra compared to the
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dure �integrated over all �x�Q��bins�� The Monte Carlo distributions are
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Figure ����� The observed neutron z and pT spectra compared to the
reweighted Monte Carlo distribution� Shown are the distributions for the
�x�Q��bins � to ��
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Figure ����� The observed neutron z and pT spectra compared to the
reweighted Monte Carlo distribution which results from the unfolding pro

cedure� Shown are the distributions for the �x�Q��bins � to ��
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Figure ����� The observed neutron z and pT spectra compared to the
reweighted Monte Carlo distribution� Shown are the distributions for the
�x�Q��bins � to ���
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Figure ����� Bin purity in the � zbins� Only the statistical error is shown�
For the de	nition of the bins see Table ����

The bin purity� which is de�ned as the fraction of events in a bin of the reconstructed
variable which originate from the same bin� is shown in Figure �	��	 The bin purity is
always above ��&	

����� Systematic Errors on the Unfolded z Spectrum

The systematic error on the unfolded z distribution was determined in the following
way�


 The energy scale of the FNC was varied by ��& �see Section �	�	��	 The resulting
di�erence in the unfolded distribution ranges between �& and ��& depending on
the particular z�bin	


 The Monte Carlo sample� which is used in the unfolding procedure� was reweighted
in pT 	 Events were either suppressed or enhanced with a linear weighting�function
depending on the value of pT 	 The e�ect of this reweighting is demonstrated in
Figure �	��� which shows that the reweighted Monte Carlo distributions di�er
signi�cantly from the observed pT spectra	 The systematic error due to the un

certainty in the pT distribution was estimated to be �& to �&	


 The acceptance of the FNC was recalculated using the geometric acceptance de

termined on the basis of the ���direction as observed in the data �see Section �	��	
This results in a systematic error of �& to ��&	


 The result of the unfolding procedure depends on the number of knots used for
the spline function� which de�nes the weighting function w�z� �see above�	 An
additional error of ��& due to this e�ect was determined	

In each case the error was evaluated by performing the unfolding procedure over the
entire data sample in order to increase the statistical signi�cance	 The positive and
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Figure ����� Reweighted Monte Carlo pT distributions compared to the ob

served data� The Monte Carlo events were reweighted in order to determine
the systematic error due to the pT spectra of the Monte Carlo used in the
unfolding procedure�

z�bin Error on Error on Error on Combined
Nr	 energy scale pT weighting acceptance error
k pos	 shift �&� neg	 shift �&� a� �&� b� �&� �&� �&�
� 
�	� �	 �	� 
�	� �	� �
 
��	� �	 	 
�	� 
��	� ��
� ��	� �	� �	 �	� 
�	� ��
� ��	� 
��	� �	� 
�	� �	� ��

Table ���� Systematic error on the unfolded z spectrum� The in�uence of
the uncertainty in the energy scale� the pT weighting and the acceptance has
been evaluated� The combined errors include an additional error due to the
unfolding procedure� which is �� � For the de	nition of the bins see Table ����

negative deviations from the original result were added in quadrature and the larger
value was taken as the total systematic error	 The �nal result for the four intervals in z
is given in Table �	�	 The unfolding was redone using the PompytMonte Carlo �Bru���
as the event generator in order to demonstrate that the result of the unfolding does
not depend on the Monte Carlo employed in the procedure	

���� Measurement of the Semi�Inclusive Structure

Function F
LN���
�

The relation between the measured number of events Ndata�ijk in a �x�Q
�� z��bin con


taining a leading neutrons with transverse momentum pT � ��MeV and the leading
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neutron structure function F
LN���
� � as de�ned in Section �	�� is given by Equation �	�	

The di�erent quantities� which enter the relation� have been de�ned in Equation �	�
and have been evaluated in the previous sections except of the number of background
events Nbg�ijk� the integral Iij over x and Q� of the kinematic factor and the bin centre
correction Cbinc�ijk	 These remaining quantities will be determined in the following	

������ Background

Potential background can originate from the following processes�


 Photoproduction� The signature of the scattered electron can be faked by
particles from the hadronic �nal state	 A typical contribution are photons from
�
 decays ��
 � ���� which convert into e� in the dead material of the detector	
This background is greatly suppressed by the cut on

P
i�Ei � pz�i�� the lateral

shower pro�le and the minimal energy of the scattered electron �E �
e  �GeV�	

In particular the cut on E �
e ensures that the photoproduction background can be

neglected in this analysis	


 Non�ep background� ���& of the events� which ful�l all selection criteria �see
Table �	��� except of the colliding bunch condition� originate from proton�pilot
bunches �unpaired bunch crossing with proton beam only�	 In ���� HERA was
running on average with �� proton�pilot and ��� colliding bunches	 Therefore
the probability� that an event� which is happening during a real bunch crossing�
is produced by a non�ep interaction is � ���&	 Thus� the non�ep background
can be estimated to be � ���&	 There are no selected events resulting from
electron�pilot or empty bunches	


 Overlapping events� There is a certain possibility that in a bunch crossing an
ep scattering event and a beam�gas event occur simultaneously	 For ����& of all
the events which satisfy the standard selection� except of the cut on the timing
of the FNC signal� the signal of the central calorimeter module takes place later
than normal	 This indicates that the neutron was not produced in the nominal�
but in the following bunch�crossing	


 Misidenti�ed neutrons� It is assumed that all neutral clusters in the FNC are
produced by neutrons	 The contribution of other particles has been estimated in
Section �	� using the Lepto Monte Carlo	

Since the background contribution is much smaller than the systematic error of this
analysis� it is neglected and not subtracted from the measured cross section	

������ Integration of the Kinematical Factor

The measured cross section is proportional to the integral of the kinematical factor
��x�Q�� z� � ������xQ�� over the �x�Q���bin�

Iij �
����

xQ�

Z
xi

dx

Z
Q�
j

dQ���� y  
y�


� � ��	�
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�x�Q���bin Integral
Nr	 l Il �nb���

� ��	��
 ��	��
� ��	���
� ��	���
� �	���
� ��	���
� ��	��
� �	���
� �	��
�� ��	��
�� �	��
� �	���

Table ���� Integral of the kinematical factor in the �� �x�Q��bins� For the
de	nition of the bins see Table ����

where the integration is performed over the entire bin size	 The value of the integral
in the � bins in x and Q� is given in Table �	�	

������ Bin Centre Correction

The measured cross section� averaged over the size of the �xi� Q
�
j � zk��bin� has to be

transformed into a measurement at a speci�c point in the centre of that bin	 This is
carried out by the bin centre correction Cbinc�ijk	
For the central values of x and Q� the e�ective bin centre was chosen� so that no bin

centre correction in x and Q� has to be applied	 The dependence of the cross section
on x and Q� can be approximated with

d��

dx dQ�
� �

xQ�
� ��	��

Transforming the variables into � � lnx and  � �Q�� the di�erential cross section as
a function of the new variables is approximately constant�

d��

d� d
� const	 � ��	��

which means that the cross section depends linearly on the variables � and 	 For
the central xcen�i and Q

�
cen�j values� those values are chosen� which corresponds to the

average of � and  respectively�

xcen�i � exp

�
�


�lnxmin�i  lnxmax�j�

�
� ��	��

Q�
cen�j �

�
�



�
�

Q�
min�j

 
�

Q�
max�j

����
�
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For the central z values� the arithmetic mean was chosen�

zcen�k �
�


�zmin�k  zmax�k� � ��	��

The bin centre correction in z was evaluated using the shape of the z distribution
as generated with the Lepto and the Pompyt Monte Carlo generators	 Only the
bin at zcen � ��� has a correction factor which di�ers from unity	 It amounts to
Cij� � ��� � ��&	 To the other bins in z� a common systematic error of �& was
assigned due to the uncertainty in the z�bin centre correction	

������ Systematic Errors

There are three types of systematic errors� normalization errors� errors which depend
on the �nal state neutron and errors which are di�erent for each �x�Q���bin�


 The systematic error on the normalization� which is the same in all bins of
�x�Q�� z� amounts to �	�& and comprises the uncertainty of the neutron detection
e�ciency ��	�&� see Section �	�� and the error of the luminosity determination
�&� see Section �		�	


 The �nal state neutron systematic error includes the error of the unfolded
z spectrum �see Section �	�	�� and the uncertainty in the bin centre correction
�see Section �	��	��	 The combined error ranges between ��& and ��&	


 The systematic error which depend upon x and Q� ranges between �	�&
and �	&	 The main source of this error is the uncertainty in the acceptance and
in the migration as a function of x and Q� �see Section �	�	��	 The error includes
in addition the uncertainty in the trigger e�ciency �see Section �	�	�� and the
error on the radiative corrections �see Section �	�	�	

������ Results

A compilation of the result for the semi�inclusive structure function F
LN���
� �x�Q�� z��

which parameterizes the production cross section for leading neutrons with a transverse
momentum of pT � ��MeV� is given in Table �	�� and displayed in Figure �	��� where
the data are shown in the � �x�Q���bins as a function of z	 The table gives in addition
the corresponding values for � � x����z�	 The shape of the neutron spectrum is similar
in the di�erent bins of x and Q�	 The structure function is in general decreasing with
increasing values of z� but neutrons with z  ��� nevertheless comprise a substantial
part of the cross section	 A detailed discussion of the result and its interpretation will
be presented in the following chapter	
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Figure ����� The leading neutron structure function F
LN���
� as a function of

z in the �� �x�Q��bins� The bins are arranged as follows� Q� is increasing
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bars show the statistical errors and the full error bars show the statistical and
systematic errors added in quadrature� There is an additional ��� overall
normalization error for the data points which has not been included in the
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x Q� z � F
LN���
� � stat � syst�z�� syst�x�Q��� norm
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� Results and Interpretations

After having described the di�erent steps of the analysis in the previous chapter� this
chapter will be devoted to a discussion of the result of the measurement and its inter

pretation	
The semi�inclusive cross section d����dx dQ� dz� for the production of leading neu


trons with a transverse momentum pT � ��MeV has been measured in the kinematic
region

GeV� � Q� � ��GeV� � ��	��

� � ���� � x � � � ���� �
�� � z � � �

Assuming that the ratio between the absorption cross sections for longitudinally and
transversely polarized virtual photons R � �� the triple�di�erential cross section is
parameterized by the leading neutron structure function F

LN���
� �x�Q�� z� de�ned by

d��

dx dQ� dz
�x�Q�� z� �

����

xQ�

�
�� y  

y�
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F
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� �x�Q�� z� ��	�

Since � � x���� z�� this equation can be rewritten with respect to the variable ��

d��

d� dQ� dz
���Q�� z� �

����

� Q�

�
�� y  

y�
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so that

F
LN���
� ���Q�� z� � F

LN���
� �x � ����� z�� Q�� z� � ��	��

There are two di�erent approaches which try to explain the production of leading
neutrons in deep�inelastic scattering	
In the pion exchange model �see Section �	�	�� the production cross section is

determined by the product of the pion �ux f���p�z� pT � and the pion structure function

F �
� evaluated at ���Q

��	 Therefore F
LN���
� ���Q�� z� can be interpreted as follows�

F
LN���
� ���Q�� z� �

� �

MeVZ

MeV

dpT f���p�z� pT �

�� � F �
� ���Q

�� � ��	��

��
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where � may be identi�ed with the fraction of the momentum of the pion carried by
the struck quark or gluon interacting with the virtual pion	 This model is implemented
in the Monte Carlo generators Pompyt �Bru��� and Rapgap �Jun���	
Alternatively one may assume models� which are based on the concept of soft colour

interaction �Buc��� Edi��� �see Section �	�	�� The colour topology is rearranged� so
that the common colour �eld between the struck quark and the proton remnant breaks
up� which can lead to the production of a �nal�state baryon	 In such an approach�
which is for example realized in the Lepto Monte Carlo program �Ing���� the variable
� can no longer be interpreted as a momentum fraction	
These two di�erent approaches constitute the guideline for the discussion and inter


pretation of the leading neutron data in the following sections	 The predictions of the
Lepto and Rapgap Monte Carlo generators are confronted with the measurement�
before the data are used to test di�erent factorization hypotheses	 The leading neu

tron data are compared to a similar measurement of leading proton production	 In the
region ��� � z � ���� both semi�inclusive cross sections can be described by a Regge
model of leading baryon production� which consists of pion� pomeron and secondary
reggeon exchanges	 In the framework of this model� the leading neutron structure
function F

LN���
� is used to estimate for the �rst time the structure of the pion at small

Bjorken�x	

��� Comparison with the Predictions of LEPTO

The Lepto Monte Carlo program� �Ing��� simulates soft colour interactions between
the partons in the �nal state	 The probability for an interaction� which can be viewed
as the exchange of a soft non�perturbative gluon� is described by a single phenomeno

logical parameter R	 The default value of this parameter� as implemented in the Lepto
Monte Carlo� is R � ���� but the program allows one to change this parameter to any
value of � � R � � �	 The soft colour interaction can change the colour topology of
the hadronic �nal state� such that colour singlet subsystems arise separated in rapidity�
which may lead to the formation of a proton or neutron	
Figure �	� shows the measurement of F

LN���
� compared to the predictions of the

Lepto Monte Carlo� which have been calculated for the default value of R � ���
and by using the leading order parton distributions of the proton by Gl�uck� Reya and
Vogt �GRV
LO� �Gl�u���	 Measurements at HERA �H�C��b� H�C��a� ZEU��� ZEU��a�
have shown that the GRV parameterization gives a good description of the inclusive
structure function F p

� of the proton for Q
�
�
� �GeV�	 The Lepto Monte Carlo model

describes the general shape and magnitude of the neutron data over the entire z range	
However it tends to underestimate the cross section at z � ���	
It is instructive to study the in�uence of the chosen probability R for soft colour

interactions on the rate of leading neutron production	 In Figure �	 the measurements
of F

LN���
� at Q� � ���GeV� and x � ���� ����� are compared to the Lepto predictions

with R equal to �� ���� ��� and �	 In the region of high z �z 	 ����� the production cross
section does not increase signi�cantly for values of R larger than ���	 The simulation

�Version ����� was used�
�The corresponding steering parameter is PARL����
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Figure ���� The semiinclusive structure function F
LN���
� � for neutrons with

pT � ��MeV� compared to the predictions of the Lepto Monte Carlo� using
R � ���� The inner error bars show the statistical errors and the full error
bars show the statistical and systematic errors added in quadrature� There is
an additional ��� overall normalization uncertainty for the data points which
has not been included in the error bars�

with R � �� which corresponds to the situation without any soft colour interaction�
yields a rate of leading neutrons with z  ��� which is approximately a factor of
four lower	 In this case the neutrons are solely produced by the string fragmentation
process	

In this context it should be mentioned� that the Lepto Monte Carlo� which gives
a fair description of the neutron data� fails to describe the production of leading pro

tons� since it underestimates the cross section by a factor of �  �Lis��� H�C��� �see
Section �	��	
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Figure ���� Dependence of the predicted neutron rate on the value of the SCI
parameter R� The F

LN���
� data at Q� � ���GeV� and x � ���� � ���� are

compared to the Lepto simulation with R equals to �� ����� ��� and ��

��� Comparison with the Predictions of RAPGAP

The Rapgap Monte Carlo generator� �Jun��� simulates leading neutron production
using � exchange	 In the Monte Carlo program� the cross section for leading neutron
production is proportional to the product of the pion �ux factor f���p and the pion
structure function F �

� 	 The pion �ux factor determines the energy and pT spectra of
the �nal state neutron	 For the Rapgap Monte Carlo prediction shown in Figure �	�
the pion �ux factor determined by Holtmann et al� �Hol��� Hol��� was used� which has
been evaluated on the basis of the measured neutron production cross section in the
reaction pp� nX �see Section �	�	��	 This �ux factor is given by �Hol��� Prz���

f���p�z� t� �


�

�

��

g�p�N
��

��� z�
�t

�m�
� � t��

exp

�
�R�

�n

m�
� � t

�� z

�
� ��	��

The pion �ux factor� which is implemented in the default version of Rapgap �see
�Fra����� was not used since it cannot reproduce the neutron production cross section
observed in pp scattering �Fla��� Blo��� �compare Section �	�	��	 The rate of leading
neutron production depends also upon the values of the pion parton distributions �see
Equation �	��� for which the leading order parameterization by GRV �Gl�u�� has been
taken	

�Version ��	� was used�
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Figure ���� The semiinclusive structure function F
LN���
� � for neutrons with

pT � ��MeV� compared to the predictions of the RapgapMonte Carlo� The
Rapgap calculation was performed using the pion �ux factor as determined
by Holtmann et al� �Hol��� Hol��� Prz��� and the GRV
LO parameterization
of the pion structure function �Gl!u����

TheRapgapMonte Carlo gives a reasonable description of the high�energy neutron
data with z  ���	 In the low�energy region where the �nal state neutron has less
than ��& of the incident proton�s energy� the Rapgap Monte Carlo program cannot
reproduce the observed cross section since additional physical processes� not simulated
by the program� contribute signi�cantly to the production of neutrons	 A similar
observation has also been made for the pp� nX data �compare Figure �	��	
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z � x Q��GeV�� a�(a b�(b
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Table ���� Scaling violations in F
LN���
� for 	xed values of �� The data were

	tted separately for each value of � and z to the form F
LB���
� ���Q�� z� �

a���  b��� � log Q�

�GeV� �

��� Observation of Scaling Violations

The measurement as presented in Figure �	�� suggests that the semi�inclusive structure
function F

LN���
� increases with Q� for �xed values of x and z	 Scanning the data points

in the �gure from left to right �which means increasing Q��� one can recognize the

tendency� that F
LN���
� rises with increasing Q�	

In order to quantify these scaling violations� F
LN���
� ���Q�� z� has been �tted sepa


rately for each �xed values of � and z to the form�

F
LN���
� ���Q�� z� � a���  b��� � log Q�

�GeV� � ��	��

The �t was performed on the basis of the statistical and systematic errors� which
depend on x and Q�	 The normalization error and the error� which depends on z� are
correlated in the di�erent �x�Q���bins� so that they were consequently not considered	

The measurement of F
LN���
� in the lowest x bin has not been used since there is only

a single Q� value	
The result of the �t is summarized in Table �	�	 For �� out of the � di�erent values

of �� the slope parameter b��� is by more than two standard deviations larger than

zero	 Thus� signi�cant scaling violations have been observed in F
LN���
� 	 The values of

b����F
LN���
� � which are a measure of the normalized scaling violations� are plotted in

Figure �	�	 Only the results which arise from z equal to ���� ��� and ��� are shown�
since for z � ��� the relative errors of the data points are very large	 The data are
compared to the normalized scaling violations dF��d�logQ

���F� predicted and observed
in the inclusive structure functions of the pion and proton respectively	 The structure

�Note that throughout this work �log� refers to the decimal logarithm� Unfortunately this symbol
is not unambiguously used in the literature�
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 � ��GeV
�� The data are

compared to the expectations derived from the GRV
LO parameterizations
of the inclusive structure functions of the pion and the proton� The scaling
violations of the pion structure function have been evaluated as a function
of � �lower scale�� whereas for the proton structure function� they have been
evaluated as a function of x �upper scale�� The xscale is adjusted for z � ����

functions have been calculated using the GRV leading order parameterizations of the
parton densities �Gl�u�� Gl�u���	 The scaling violation observed in the semi�inclusive

structure function F
LN���
� is similar in size and shape to those seen in the GRV
LO

parameterizations of the pion and proton structure functions	

��� Test of Factorization Assumptions

Presuming that leading neutrons emerge from reactions where the virtual photon is
absorbed by a colourless object inside the proton� the structure function F

LN���
� should

factorize into a �ux factor f�z� which is only a function of z� and a structure functioneFLB���
� which depends upon Q� and �� which can be interpreted as the Bjorken variable
of the exchanged object	
An alternative approach is the concept of soft colour interactions �Buc��� Edi���

which is not based on the exchange of colourless objects� so that � can no longer be
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interpreted as a momentum fraction	 In such a scenario� one might expect factor

ization in the variables x� Q� and z� if the deep�inelastic scattering process o� the
proton is independent of the proton fragmentation	 The �hypothesis of limiting frag

mentation� �Ben��� Cho���� which states that target fragmentation is independent of
the incident projectile�s energy� also implies that �nal state neutrons emerge from a
process which is insensitive to x and Q�	
To test both factorization hypotheses� global �ts were made to F

LN���
� assuming the

following general forms for FLN���
� �

FLN���
� ���Q�� z� � f�z� � eFLN���

� ���Q�� ��t a�� ��	��

F
LN���
� �x�Q�� z� � f�z� � eFLN���

� �x�Q�� ��t b�	 ��	��

f�z� is a discrete step�function� which is expressed by four parameters rj �j � �����
referring to the four di�erent values of z �in increasing order�	 The value of r� cor

responding to z � ��� is �xed by r� � � and the remaining three parameters are
determined by the �t	 eFLN���

� ���Q�� in Equation �	� is parameterized as

eFLN���
� ���Q�� � a � �b  c � �d � log Q�

�GeV� � ��	���

where a� b� c and d are four additional �t parameters	 The chosen function is based
on the leading terms of a phenomenological parameterization of the inclusive proton
structure function �H�C��b� H�C��b�� which is of the form

F p
� �x�Q

��

�

�
a � xb  c � xd � ��  e

p
x� �

�
ln Q�

�GeV�  f
�
ln Q�

�GeV�

��
 h

Q�

��
� ��� x�g �

For eFLN���
� �x�Q�� in Equation �	�� � was replaced by x in Equation �	��	

The �ts were performed by minimizing the ��� which was calculated on the basis of
the statistical and the �x�Q���dependent systematic error added in quadrature �Jam���	
As a cross check the �ts were redone using only statistical errors� which yield practically
the same results	 The �tted values of the parameters changed only by a small fraction
of their errors	 The result of the �ts can be found in Table �		 The quality of the �t�
assuming factorization in �� Q� and z� is demonstrated in Figure �	�� which shows the
di�erence of the measurement of F

LN���
� and the �tted parameterization	 The other

�t� assuming factorization in x� Q� and z� gives almost the same result	
The data are consistent with both factorization hypotheses and the �t results yield

similar ���ndf	 A possible explanation for this result is that eFLN���
� is proportional to

the proton structure function which for x 
 ��� is of the form F p
� � x���Q

�� �H�C��b�	
Since � and x are highly correlated and have similar magnitude due to the restricted
range of z� this also implies that eFLN���

� � ����Q
��	 The data have therefore relatively

limited sensitivity to a di�erence of factorization in these two variables	
It is interesting to note� that also the semi�inclusive structure function F

LP ���
� �

which parameterizes leading proton production with pT � ��MeV� is consistent with
both factorization assumptions �Lis���	
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Figure ���� Comparison of the measured values of F
LN���
� with the global 	t�

assuming factorization in �� Q� and z� Plotted is the di�erence between the
measured and calculated values�

Parameter r� r� r� r� a b c d ���ndf� CL
Fit a �	�� �	�� �	�� �	� �	��� �	�� �	��� 
�	� �������
� �	�� �	�� �	�� �	�� �	��� �	�� �	�� �	� ���&
Fit b �	�� �	�� �	� �	� �	�� �	�� �	��� 
�	� �������
� �	�� �	�� �	�� �	� �	��� �	�� �	��� �	� ���&

Table ���� Result of the global 	ts to FLN���
� � The leading neutron structure

function was 	tted to Equation ��� �	t a� and ��� �	t b� respectively� Shown
are the calculated values for the 	tparameters with errors� the normalized ��

and the corresponding con	dence level �CL� for the two di�erent 	ts�
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by 	t a �see Table ����� and shifted by C�Q���

The observation that the leading neutron structure function F
LN���
� can equiva


lently be parameterized with respect to x� Q� and z and in terms of �� Q� and z� is
demonstrated in Figures �	� to �	�	 In these �gures the F

LN���
� data points were scaled

by ��rj determined by the global �ts� in order to allow the comparison of data points
originating from non�identical values of z	
Figure �	� shows F

LN���
� as a function of � for �xed values of Q�� demonstrating the

dependence of the structure function on the scaling variable �	 The data are compared
to the GRV
LO parameterization of the pion structure function �arbitrarily scaled�
which is in good accordance with the data	 It should be mentioned� however� that
this agreement cannot be considered as a strong evidence for pion exchange� since all
hadronic structure functions at low x ��� are expected to be similar in shape �see
Section �	�	��	 Also the comparison of the data to the predictions of the Rapgap
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Table ����� and shifted by C�Q���

Monte Carlo revealed that pion exchange is not the main production mechanism for
z � ���	
Figure �	� shows the evolution of FLN���

� withQ� for �xed values of �	 The structure
function rises with increasing values of Q� �scaling violations�� which is also seen in the

superimposed curves representing the result of the global �t to F
LN���
� ��t a�	

The equivalent Figures �	� and �	� are based on the assumption of factorization in
x� Q� and z	 In Figure �	� F

LN���
� is plotted as a function of x in the �ve di�erent bins

of Q� in comparison to the structure function of the proton� which has been normalized
arbitrarily	 Figure �	� shows the increase in F

LN���
� as a function of Q� for �xed values

of x	 The superimposed lines correspond to the parameterization of the global �t to
F
LN���
� ��t b�	
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��� The Contribution of F
LN���
� to the Proton Struc�

ture Function

Besides the observation that the measurement of FLN���
� is consistent with the assump


tion of factorization in x� Q� and z� Figure �	� suggests that F
LN���
� is proportional to

the proton structure function	 In order to test this hypothesis� F
LN���
� was �tted to the

form

F
LN���
� �x�Q�� z� � rj � F p

� �x�Q
�� � ��	���
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where the �t�parameters rj �j � ����� are constant factors for the four di�erent z�
bins	 For the proton structure function F p

� � the GRV
LO parameterization �Gl�u��� was
taken	 Performing the �t on the basis of the statistical and �x�Q���dependent errors�
the ratios rj were determined to be�

r� � ������� ������ � r� � ������� ����� � ��	��

r� � ������� ������ � r� � ������� ����� �

and the �t yields ���ndf � ������� � ���� �CL � �&�	 Considering only statistical
errors� the ���ndf amounts to ������� � ���� �CL � ���&�	

Thus� the ratio of F
LN���
� �x�Q�� z� over F p

� �x�Q
�� is compatible with being constant
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Figure ����� F
LN���
� compared to the proton structure function� which has been

scaled by rj �see Equation ����� in the di�erent zbins�

for �xed values of z in the kinematic region of the measurement	 This is also demon

strated in Figure �	��� where F

LN���
� is compared to the proton structure function�

which has been scaled by the factors rj in the di�erent bins of z	

Using the total systematic error of the measurement �except of the error on the bin
centre correction� see Section �	��	��� the contribution of events with a leading neutron
to the total inclusive deep�inelastic cross section can be determined	 In ���������& of
all deep�inelastic events a leading neutron with transverse momentum pT � ��MeV
and z  �� is produced	 For z  ��� this ratio amounts to ����� ����&	

��� Comparison with the Leading Proton Data

As already mentioned� the measurement of leading neutron production in deep�inelastic
scattering was performed in the same kinematic region of x� Q� and pT as H��s mea

surement of leading proton production �Lis��� H�C���� based on data taken in ����	
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Figure ����� Measurement of FLP ���
� � for protons with pT � ��MeV� com


pared to the predictions of the Lepto and Rapgap Monte Carlo models
calculated using GRV leading order parton distributions for the proton and
the pion respectively� The inner error bars show the statistical errors and the
full error bars show the statistical and systematic errors added in quadrature�
There is an additional ��� overall normalization uncertainty for the data
points which has not been included in the full error bars�

The leading proton structure function F
LP ���
� is de�ned in the same way as the lead


ing neutron structure function F
LN���
� 	 In the following� both semi�inclusive structure

functions will be denoted by the common symbol F
LB���
� � were LB stands for leading

baryon	 In order to allow a direct comparison of the two data sets� the same bins in x
and Q� were chosen for both measurements	

The measurement of F
LP ���
� � for leading protons with pT � ��MeV is shown in

Figure �	��	 The measurement� which has been carried out for ���� � z � ����� is
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compared to the predictions of the Lepto and Rapgap Monte Carlo models �Ing���
Jun���� which have been calculated in the same way as for the comparison to the
leading neutron structure function �see Sections �	� and �	�	 The pion �ux factor
implemented in the Rapgap Monte Carlo model is exactly a factor of two lower for
proton compared to neutron production� due to the di�erence in the Clebsch�Gordon
coe�cients for the �n and �
p isospin �� states	
In contrast to its fair agreement with the neutron data� the Lepto Monte Carlo

fails to describe the rate of leading proton production and the rise in F
LP ���
� as a

function of Q�	
The Rapgap Monte Carlo fails to reproduce the absolute rate of leading proton

production as well	 Comparing the magnitudes of F
LP ���
� and F

LN���
� one notices�

that for z  ���� the semi�inclusive cross section for proton production is larger than
the cross section for neutron production in any speci�c �x�Q���bin	 This result rules
out pion exchange as the main production mechanism for leading protons since pion
exchange models predict that the ratio of neutron and proton production should be
equal to two	

��� A Regge Model of Leading Baryon Production

Assuming a simple Regge expansion and the dominance of a single Regge exchange�
the di�erential cross section for leading baryon production as a function of z at �xed
t should be proportional to ��� z�n for �xed values of � and Q�	 Here n � �� ��t��
where ��t� speci�es the Regge trajectory of the dominant exchange �see Section �	��	

Based on these general ideas� the measurements of F
LB���
� �x�Q�� z� in the region

of z  ��� were interpolated to �xed bins in � in order to determine the exponential
function	 For the bin centres� values for � were chosen� which corresponds to z � ����
which means�

�i �
xi
�� z

�
xi
��

� ��	���

where xi �i � ����� are the central values of the x�bins	 The interpolation was per


formed� using the result of the global �ts to F
LB���
� � which assumed factorization in ��

Q� and z	
The interpolated measurement is plotted in Figure �	� in the � ���Q���bins	 The

data points are superimposed by separate �ts to F
LP ���
� and F

LN���
� of the form

FLB���
� ���Q�� z� � ��� z�nb � ��	���

Using the full errors the �t results yield�


 for FLP ���
� � np � ������ ���� which corresponds to ��t� � ����� ����#


 for FLN���
� � nn � ���� ����� which corresponds to ��t� � ������ ����	

It should be noted� however� that F
LB���
� is de�ned for pT � ��MeV and that the

corresponding range in t depends strongly on the speci�c value of z� since t and pT are
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Figure ����� The measured values of F
LN���
� and F

LP ���
� with z  ��� interpo


lated to 	xed values of �� The superimposed curves mark the results of 	ts to
the data points of the form F

LB���
� ���Q�� z� � ��� z�nb � See text for details�

related by

t � �p
�
T

z
� ��� z�

�
m�

N

z
�m�

p

�
� ��	���

where mp and mN are the masses of the proton and the produced nucleon respectively	
Therefore the values of �� which result from the �t� cannot be directly interpreted as
the Regge trajectory of the dominant exchange� since the �tted values of n are averaged
over the t
dependence of the baryon production cross sections	
Nevertheless the �ts demonstrate� that the neutron data are consistent with an

average value of ��t� 	 �� which is naively the expectation of pion exchange	 For the
proton data� the average value of ��t� is obviously larger than the value suggested by
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the neutron data	 The proton data are consistent with the dominance of a trajectory
with the intercept ���� 	 ��� which was found to be the sub�leading contribution in
the di�ractive region at larger z �H�C��b�	
In the past� data on the reaction pp� pX were successfully analyzed in the frame


work of Regge phenomenology �Kaz���	 Many experiments measured this cross section
�see references in �Kaz���� providing an extensive statistical basis	 Thus� the analysis
by Kazarinov et al� was able to determine the di�erent contributions to the cross sec

tion� which were parameterized in terms of three
reggeon diagrams	 These diagrams
can be interpreted as exchanges of pomerons� reggeons and pions including interference
terms	 The measurements of F

LN���
� and F

LP ���
� cannot provide a su�cient statistical

basis for a similar analysis	 In particular� the F
LP ���
� data are restricted to the region

of z � ��� and are therefore not very sensitive to the di�ractive contribution �pomeron
exchange�	 Instead of �tting the data points� the leading baryon structure functions

F
LN���
� and F

LP ���
� are compared to a Regge model of baryon production� of which the

di�erent contributions are mainly �xed by hadron�hadron data	
Figure �	�� shows a comparison between the leading baryon structure functions

with ��� � z � ��� and the Regge model of baryon production	 In the model� the
contribution of a speci�c exchange P is determined by the product of its particle �ux
fP�p�z� t� and its structure function FP

� evaluated at ���Q�� �see Section �	��	 The
leading baryon structure functions� which are de�ned for pT � ��MeV� can therefore
be expressed by

F
LB���
� ���Q�� z� �

X
P

�Z tmin

t�

dt fP�p�z� t�

�
� FP

� ���Q
�� � ��	���

where P denotes the pion� the pomeron and secondary reggeons �for example �� � a�
and f��	 The integration limits t
 and tmin are given by

tmin � ���� z�

�
m�

N

z
�m�

p

�
� t
 � ����MeV�

�

z
 tmin � ��	���

In the Regge model� it is assumed that the neutral pion� the pomeron and the
f� all contribute to leading proton production	 The contributions due to the other
secondary reggeons are neglected because there is no sensitivity to them in the data�
and because they have been estimated to be much smaller than the contribution due to
f� exchange �Gol��� Kaz���	 A comparison of total hadronic cross section measurements
has resulted in the estimate that the �ux of reggeons which have isospin equal to one ��
and a�� is only� �& of the �ux of reggeons with isospin equal to zero � and f�� �Gol���	
Regge phenomenology also predicts f� dominance� among isoscalar trajectories in the
present case� in contrast to exchange degeneracy for elastic scattering processes �Kaz���	
For leading neutrons� the isoscalar reggeons cannot contribute to the observed cross

section	 It is assumed that neutrons are produced by charged pion exchange only	 In the
limited pT range of the data� leading neutron production due to � and a� exchanges has
been estimated to be more than an order of magnitude smaller than the contribution
due to pion exchange �Kop���	 Pomeron exchange also does not give a signi�cant
contribution since neutron production due to di�ractive dissociation is believed to
be not more than � �& of the pion exchange contribution �Kop���	 The present
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Figure ����� The measured values of F
LN���
� and F

LP ���
� with z  ��� com


pared to a Regge model of baryon production� The di�erent contributions are
labeled for the 	gure in the inset� The neutron data are described by � ex

change whereas the proton data are compared to the sum of �
� pomeron and
secondary reggeon �f�� exchanges� The �


 contribution� which is not shown�
is exactly half the � contribution� The shadedband is explained in the text�

data sample has been used to estimate a & di�ractive dissociation contribution to
leading neutron production by determining the fraction of events with a large rapidity
gap extending into the LAr calorimeter	 Additional backgrounds such as neutron
production due to resonance decays have been neglected	

Figure �	�� shows the di�erent contributions to the production of leading neutrons
and protons� which are implemented in the Regge model	

The pion� pomeron and reggeon �ux factors have been determined using hadron�
hadron data	 The pion �ux factor f��p which has been used for neutron production is
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Figure ����� The di�erent contributions in the Regge model of leading baryon
production� Left� Neutrons are assumed to be produced by � exchange only�
Right� Neutral pion� f� and pomeron exchange contribute to leading proton
production�

the same as the one used in reference �Kop����

f��p�z� t� � C
�g�p�N
����

��� z�����
�
� t

�t
�m�

� � t��
exp

�
R�

��t�m�
��
�
� ��	���

where g�p�N����� � �������� �Tim���� ��� � � GeV��� R�
� � ��� GeV

�� and the square
of the Clebsch�Gordon coe�cient is C � ��	 For proton production via �
 exchange
the same �ux factor with C � ��� is used	 Note that this parameterization of the
pion �ux factor is very similar to the one� which has been implemented in the modi�ed
Rapgap Monte Carlo program �Hol��� �see Section �	�	 and �	�	
The pomeron and reggeon �ux factors are parameterized as �Szc��� Gol���

fIP�p�z� t� �
����GeV��

���
��� z�����IP�t� exp

�
R�

IPt
�
� ��	���

fIR�p�z� t� �
���GeV��

���
��� z�����IR�t� exp

�
R�

IRt
�
� ��	��

where �IP�t� � �����  ���GeV
�� t� and �IR�t� � ����  ���GeV

�� t�	 The slopes are
R�
IP � ���GeV

�� and R�
IR � GeV

�� respectively	 The modulus squared of the reggeon
signature factor�� which is approximately equal to two� has been absorbed into the
reggeon coupling	 No reggeon�pomeron interference terms were included in the model	
The evaluation of the pion �ux factor is not without some theoretical uncertainty	

It has been pointed out that absorptive corrections� generated by multiple interactions�

�In reference �Szc�
� equation � is missing the reggeon signature factor which is given in equation
� of reference �Gol��� The two publications also use di�erent values of R�

IR
� In reference �Gol���

R�

IR
� ��� GeV�� which leads to a ��� di�erence in the values of the pT �integrated reggeon �ux

factor at z � 	�
�
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might play an important role in hadronic reactions in contrast to DIS	 Since the pion
�ux factor which has been implemented in the model was determined using pp� nX
data� it might underestimate the �ux of pions in the proton for DIS reactions by up to
� ��& �Nik��� Ale���	
The structure functions for the exchanged particles are basically unknown in the

low � region� so that one has to rely on theoretical models	 For the pion structure func

tion F �

� the GRV
LO parameterization �Gl�u��� was taken	 The reggeon and pomeron
structure functions were assumed to be proportional to the pion structure function�

F IR
� � F �

� � ��	��

F IP
� �

����

���
F �
� �

where the latter assumption follows the arguments given in reference �Szc���	 Measure


ments of the di�ractive structure function F
D���
� �H�C��a� H�C��b� ZEU��� ZEU���

only probe the pomeron at high � �� 	 ����� and it is not possible to use these data to
�x the pomeron structure function F IP

� at the low � values of the semi�inclusive data

�� 
 � � �����	 In the small region of overlap however� the QCD �ts to FD���
� �H�C��b�

are consistent with the pomeron model used in the Regge model as will be discussed
below	

The model gives an acceptable description of the neutron and proton data with
��� � z � ���� in view of the fact that all particle �uxes and structure functions were
taken from the literature and that no adjustment was made	 The rate of leading neutron
production can be described entirely by � exchange	 However� proton production
requires contributions from both f� and �
 exchange which are roughly in the ratio
 � � from the model	

The shaded�band in Figure �	�� shows the prediction for F
LP ���
� in which the

pomeron component in the Regge model was replaced by the pomeron component
determined using the QCD �t to F

D���
� �H�C��b�	 In the QCD �t� the pomeron struc


ture function is parameterized at a low scale and evolved to larger Q� using the leading
order DGLAP �Gri�� Dok��� Alt��� equations	 The hard�gluon leading order result
which is used for F IP

� ��t � in reference �H�C��b�� is only shown in the region in which
it is valid �� � Q� � ��GeV� and ���� � � � ���� and it has been interpolated from
jtj � �GeV� to pT � ��MeV in order to allow comparison with the leading proton
data	 The width of the band re�ects the uncertainty in the interpolation to the di�erent
kinematic region	 The pomeron �ux factor used in reference �H�C��b� has been eval

uated using �IP�t� � �IP���  ��IP t� where �IP��� � ����� ���� �stat��� ����� �syst��
and ��IP � ���� � ����GeV��	 The ZEUS measurement of the slope parameter
b � ��� � ��� �stat��
��

�
�� �syst��� GeV
�� �ZEU��a�� where b � R�

IP � ��IP ln ��� z�
�compare Equation �	��� has also been used	 This comparison demonstrates that the

H� measurements of the di�ractive structure function F
D���
� and the leading proton

structure function F
LP ���
� can both be consistently described by Regge phenomenology	
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�� Leading Protons and Neutrons in pp Scattering

It is instructive to compare the relative production cross sections for leading baryons
in deep�inelastic scattering and in proton�proton scattering	 In Section �	�	� it was
mentioned� how the data on the reaction pp � nX �Fla��� Blo��� has been used
by Holtmann et al� for the determination of the pion �ux factor �Hol��� Hol���	 In
addition to leading neutron production� the Bonn�Hamburg�M�unchen Collaboration
studied leading proton production at the �m�liquid hydrogen bubble chamber at the
CERN proton synchrotron �Blo���	 The cross sections for the production of neutrons
with �GeV � pT � �GeV and protons with ��GeV � pT � �GeV were measured
with an incident proton beam with a momentum of pbeam � �GeV and pbeam �
�GeV �Blo��� Blo���� which corresponds to a centre�of�mass energy of

p
s � ���GeV

and
p
s � ���GeV respectively	

Figure �	�� shows a comparison of the neutron and proton data with transverse
momentum of pT � ��MeV taken at pbeam � �GeV	 Plotted is the invariant cross
section as a function of the fractional energy z	 One can recognize the prominent
di�ractive peak at z � ���� in the proton data� which can be described by pomeron

0

10

20

30

40

50

60

70

80

90

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
z

E
 d

3  σ
 / 

d 
p→
  [

m
b(

G
eV

)-2
]

pp → pX
pp → nX

pbeam
pT

= 24 GeV
= 200 MeV

Figure ����� Production cross sections for protons and neutrons with pT �
��MeV in pp scattering� The data were taken at the �mliquid hydro

gen bubble chamber at the CERN PS with a proton beam of pbeam �
�GeV �Blo��� Blo���� The data points� which were not published in data
tables and which are not made available in the HEPDATA database �HEP����
have been transcribed from the 	gures in the original publications� No errors
are shown�
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Figure ����� The observed neutron energy distribution in proton beamgas
interactions compared to the neutron spectrum observed in DIS� The proton
beamgas energy spectrum has not been corrected for the trigger e�ciency
which is less than ��� below ���GeV� All distributions are normalized to
the number of events with En  ���GeV�

exchange	 The sharp increase in the neutron spectrum for z 	 ��� is due to the
exclusive reaction pp� np�� which can be attributed to the resonant production of
(���� �Blo���	 For z 	 ��� the e�ective mass of the p� system lies predominantly
in the (���� resonance region	 This condition in not ful�lled any more at higher
centre�of�mass energies	 Therefore� no increase of the neutron production cross section
for z 	 ��� was observed at the ISR� were the data were taken at considerably higher
centre�of�mass energies between 	�GeV and �	�GeV �Fla��� �compare Figure �	��	
At HERA the centre�of�mass energy of the virtual photon�proton system W is of the
order of ���GeV� depending on the speci�c value of x and Q� sinceW � � Q���� x��x	

In the region of ��� � z � ���� the shape of the neutron spectrum� plotted in
Figure �	��� is consistent with pion�exchange �compare Figure �	��	 For fractional
energies between � ��� and � ��� the rate of neutrons is approximately �� of the

proton rate	 This is in agreement with the relative size of F
LN���
� compared to F

LP ���
�

at z � ���� considering that these semi�inclusive structure functions are not de�ned
with respect to a �xed value of pT � but parameterize the pT integrated production cross
section for pT � ��MeV	 This observation suggests� that for large values of z the
fragmentation in the very forward region does not depend strongly on the scattering
partner	 This general behaviour is expected in the Regge model of leading baryon
production �see Section �	��	
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At HERA it is possible to study the reactions pp � nX and ep � enX in a sin

gle experiment	 Neutron production in pp scattering can be measured in interactions
between the proton beam and residual gas in the beam pipe �see Section �	�	��	 Fig

ure �	�� shows the uncorrected neutron energy spectrum observed in proton beam�gas
interactions compared to the spectrum obtained for DIS events	 Above ���GeV the
two distributions agree very well in shape	 This agreement supports the hypothesis
that the pion �ux factor is a universal property of the proton which is the same in
both DIS and hadronic interactions �Sul�� Hol���	 Below ���GeV� the sharp rise in
the proton beam�gas energy spectrum is due to the trigger threshold used to obtain
the data	

��� The Structure Function of the Pion

In Section �	� it was demonstrated that leading neutron production in deep�inelastic
scattering with z  ��� is well described by pion exchange	 Since the pion �ux factor
is known from hadron�hadron experiments� it is therefore possible to use the measure

ment of the semi�inclusive structure function F

LN���
� to estimate for the �rst time the

structure function of the pion at low Bjorken�x	 Before the discussion of the results of
this analysis� the next section summarizes brie�y� what is presently known about the
pion structure function	

����� Review of the Drell�Yan and Prompt�Photon Data

Our knowledge of the pion structure function comes mainly from pion�nucleon and
pion�nucleus collision experiments which were done in the eighties at FERMILAB
�Fermi National Accelerator Laboratory� USA� �E���
��� E���
��� and in particular
at CERN �NA�
��� NA��
��� NA�
��� WA��
���	 The major reactions which were
employed to study the pion structure were Drell�Yan processes and the production
of prompt photons	 For kinematical reasons these �xed target experiments are only
sensitive to the pion structure function for Bjorken�x values of x� �� ��	
The Drell�Yan process was studied at numerous experiments �E���
��� E���
���

NA�
��� NA��
���	 These experiments measured the cross section of dimuon�pair
production in the continuum of the dimuon mass spectrum� outside the vector meson
resonances	 This process is dominated by q"q�annihilation and it is therefore sensitive to
the valence quark density in the pion	 Denoting with x� and xN the fractional momenta
of the quark �antiquark� in the pion beam and target nucleon� the di�erential cross
section is given in the Drell�Yan model by �Dre��� E���
���

d��DY
dx� dxN

�
����

�x�xNs
�
X
i

e�i �q
i
��x�� "q

i
N�xN�  "q

i
��x�� q

i
N�xN �� � ��	�

where the sum is over di�erent quark �avours� ei is the quark charge and qi�� "q
i
��x��

and qiN � "q
i
N �xN� denote the quark and antiquark densities in the pion and the target

nucleon respectively	 Since the parton distribution functions of the nucleon are well
known� Equation �	 allows the determination of the quark and antiquark densities of
the pion	 In principle the Drell�Yan data could constrain both valence and sea quark
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distributions� but no experimental information is existing for x� �� ��	 Nevertheless the
NA��Collaboration published a �t to the sea quark structure function �NA�
���� which
was� however� questioned �Sut��	 Since the Drell�Yan process has only a small next�
to�leading�order correction due to gluons �Sut��� the data do not put any e�ective
constraints on the shape of the gluon distribution in the pion	
In contrast to the Drell�Yan process� the gluon enters at leading order in prompt

photon production� ��N � �X	 The cross section for prompt photon production
is dominated by quark�gluon scattering� thus directly sensitive to the gluon den

sity �Aur���	 The reaction ��N � �X has been measured by two experiments at
CERN �NA�
��� WA��
���	 Again these experiments are only sensitive to the re

gion x� �� ��	 In addition to the prompt photon data� also the production of J�, and
- is sensitive to the gluon contents of the interacting hadrons �NA�
��a� NA��
��a�
NA��
���	
The experiments are principally not able to measure the quark or gluon distributions

directly� but the measured cross sections can be used to �t the parton densities	 Global
�ts to the data were performed by four di�erent groups and their parameterizations for
the parton distribution functions have been made available in Pdflib �Plo���	 Lacking
experimental data� the sea quark distributions have been parameterized on the basis
of theoretical assumptions	 The following parameterizations are existing�


 Owens �Owe���� The �t is based on Drell�Yan �NA�
��� E���
��� and J�,
production data �NA�
��a�	 The sea quark distribution at the starting scale of
Q�


 � �GeV
� is assumed to be proportional to ��� x��

�	


 SMRS �Sutton� Martin� Roberts� Stirling� �Sut��� The valence quark densi

ties are �xed by the Drell�Yan measurement of NA�� �NA��
���� and the gluon
structure function is determined using the prompt photon data of the WA���
Collaboration �WA��
���	 The sea quark distribution has been taken from Owens	
The starting scale of the parameterization is Q�


 � �GeV
�	


 ABFKW �Aurenche� Baier� Fontannaz� Kienzle�Focacci� Werlen� �Aur���� They
use the prompt photon data of the NA� and WA�� experiments �NA�
���
WA��
��� to determine the valence and gluon distribution functions	 For the sea
quark density the result of the NA��Collaboration �NA�
��� was used� which is
proportional to ��� x��

��� at a starting scale of Q�

 � GeV

�	


 GRV �Gl�uck� Reya� Vogt� �Gl�u��� This parameterization adopts a model� which
the authors originally developed for the proton structure function �Gl�u���	 The
valence quark distribution is taken from �Aur��� and evolved down to the start

ing scale of Q�


 � ���GeV
�	 The gluon density is assumed to be valence like at

the starting scale and it is set proportional to the valence quark structure func

tion	 The sea quark density� which is assumed to vanish at the starting scale� is
radiatively generated from the valence quark and gluon distributions	

����� F
LN���
�  Probing the Pion Structure at Low x

In the Regge model of leading baryon production �see Section �	�� forward neutrons
with z  ��� are produced by pion exchange only	 In this region of z the semi�inclusive
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Figure ����� F
LN���
� �.� at z � ��� plotted as a function of � for 	xed val


ues of Q�� The quantity .� is the pT integrated pion �ux factor� Within the
framework of the Regge model� F

LN���
� �.� can be interpreted as being equal

to the pion structure function F �
� � The data are compared to di�erent pa


rameterizations of F �
� which are only shown above the speci	c starting scales

Q�

�

structure function FLN���
� factorizes into the pion �ux factor and the structure function

of the pion�

F
LN���
� ���Q�� z� �

�Z tmin

t�

dt f���p�z� t�

�
� F �

� ���Q
�� � ��	��

where the integration limits are given by Equation �	��	 The measurement of F
LN���
�

at z � ��� and the integral of the pion �ux factor is used to estimate the pion struc

ture function at low Bjorken�x	 Assuming that the Regge model of leading neutron
production is valid� the quantity F

LN���
� �.� can be interpreted as being equal to the

structure function of the pion where�

.��z � ���� �

Z tmin

t�

dt f���p�z � ���� t� � ����� � ��	��

Figure �	�� shows F
LN���
� �.� as a function of � for �xed values of Q

�	 The data
are compared to predictions of several parameterizations of the pion structure func

tion �Owe��� Aur��� Sut�� Gl�u�� Plo��� �see Section �	�	��	 The latter are only shown
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in the Q� regions in which they are valid	 The data are in good agreement with the
expectations of the GRV leading order parameterization	
The parameterizations of the pion structure function are very di�erent for x� �� ���	

As described in the preceding section the quark and gluon distributions of the pion
have previously been only constrained in the x� �� �� region using Drell�Yan data
and prompt photon production data obtained by �N scattering experiments �E���
���

E���
��� NA�
��� NA��
��� NA�
��� WA��
���	 This determination using F
LN���
�

is the �rst result which constrains the pion structure function at values of x� which
are more than an order of magnitude smaller	 Background contributions and possible
absorptive corrections �Kop��� Nik��� Ale��� have not been taken into account	 Since
they are assumed to depend only on z and since all of the data are at z � ���� they
are expected to only a�ect the absolute normalization of the result	

����� The Pion and Proton Structure Function at Low x

The cross section of electron�hadron �eh� scattering is commonly described by an
inclusive structure function F h

� 	 An alternative understanding is the interpretation in
terms of a total ��h cross section �


�h
tot � which can be related to the hadron structure

function F h
� through the relation �Lev���

F h
� �x�Q

�� �
Q���� x�

����

Q�

Q�  �m�
hx

�
�


�h
tot �x�Q

�� � ��	��

Figure �	�� shows the dependence of the total virtual photon�proton cross sec

tion �


�p
tot on the squared ��p centre�of�mass energy W � for �xed values of Q�	 The

data points were obtained �Lev��� through Equation �	� from the measured F p
� val


ues �H�C��b� ZEU��� NMC��� ZEU��a�	 Measurements of the real photoproduction
cross section �
ptot are also shown	 For large values of W

� the cross section rises expo

nentially with the centre�of�mass energy� where the exponent increases with increasing
values of the photon virtuality Q�	 There is a smooth transition between the photo

production data at Q� � �GeV� and the deep�inelastic scattering data	
Due to the hadronic �uctuations of the photon� the total photoproduction cross

section �
ptot behaves like a regular hadronic cross section	 Total cross sections of any
hadron�proton reactions are known to rise similarly with increasing centre�of�mass
energy

p
s	 The total cross section as a function of s can be parameterized in the

framework of Regge phenomenology by �Don�� PDG���

�hptot�s� � XIPs
�  YIRs

� � ��	��

where � � ���� and � � ���� are universal quantities�� which are related to the intercept
of the pomeron and reggeon trajectory respectively �see Section �	�	��	 The parameters
XIP and YIR give the normalizations of the two contributions depending on the speci�c
reaction	 For large values of the centre�of�mass energy �

p
s�� ��GeV� the reggeon term

can be neglected and the pomeron term completely dominates the total cross section	

�The reggeon intercept is experimentally not very well constrained� Here �IR�	� � 	��� is used�
whereas in the Regge model of leading baryon production �IR�	� � 	���
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Figure ����� The total ��p cross section as a function of W � for di�erent Q��
calculated from the F p

� measurements �H�C��b� ZEU��� NMC��� ZEU��a��
Also shown are measurements of the total real photoproduction cross section�
The superimposed lines represent the ALLM parameterization �Abr��� Abr���
�from �Lev�����

In this region� total hadronic cross sections can also be interpreted in the framework
of a geometrical model �Pov��� H�uf��� Pov���	 In this model� the total hadron�proton
cross section is proportional to the square of both the proton radius and the hadron
radius�

�hptot � aR�
hR

�
p � ��	��

where a is an universal quantity and the squared radii increase logarithmically with
increasing s� R�

h�s� � R�
h�s
���  � ln�s�s
��	



��� The Structure Function of the Pion ���

0

0.1

0.2

0.3

0.4

0.5

Q2 = 2.5 GeV2

F 2L
N

(3
) (z

=
0.

7)
/Γ

π

0

0.2

0.4

0.6

0.8

Q2 = 4.4 GeV2

0

0.3

0.6

0.9

1.2

10
-4

10
-3

10
-2

Q2 = 7.5 GeV2

0

0.4

0.8

1.2

1.6

10
-4

10
-3

10
-2

Q2 = 13.3 GeV2

0

0.5

1

1.5

2

10
-4

10
-3

10
-2

Q2 = 28.6 GeV2

β

2/3 F2-Proton
GRV-LO

Figure ����� F
LN���
� �.� at z � ��� plotted as a function of � for 	xed values of

Q�� Within the framework of the Regge model� F
LN���
� �.� can be interpreted

as being equal to the pion structure function F �
� � The data are compared

to the GRV
LO parameterization of the proton structure function� which has
been scaled by ���

This model can be extended to any hadron�hadron reaction	 Like in the case of
�
ptot� the total pion�photoproduction cross section �


�
tot� which is practically impossible

to measure directly� should have the same shape as any hadronic cross section	 Thus�
one can assume that �
�tot can be expressed by Equation �	� and the following relation
should hold for large values of W � and s�

�
�tot
�
ptot

�
��ptot
�pptot

�
R�
�

R�
p

� ���� � 

�
� ��	��

where for the radii the values obtained in �Pov��� have been taken	 The resulting value
of � �� for the cross section ratio is in agreement with the naive expectation based
on the number of valence quarks in the pion and proton respectively �constituent quark
model�	
Thus� the structure function of the pion at low x �which means large W �� and in

the limit of Q� � �GeV� can be estimated by

F �
� �x�Q

�� � 

�
F p
� �x�Q

�� � ��	��

However� for non�vanishing values of Q� this approximation should be worse due to
the di�erent shapes of the valence quark and gluon distributions of the pion and of the
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proton respectively	 Because of the Q� evolution of the parton densities� the valence
quarks and the gluons have an impact on the shape of the sea quark distributions	
Figure �	�� shows a comparison of F

LN���
� �.�� which can be interpreted as the

structure function of the pion� and the proton structure function� which has been
scaled by ��	 The shape and magnitude of the naive expectation� based on the ratios
of total hadronic cross sections� is in fair agreement with the data	
Generalizing the argument� one can assume that at low x any hadronic structure

function should be similar in shape to the proton structure function	



Summary and Conclusions

In ���� the H� Experiment was upgraded with a forward neutron calorimeter� which
gave the possibility to study leading neutron production at HERA	 Neutrons� which are
produced at scattering angles � �� ���mrad� are within the acceptance of the calorimeter	
For the �rst time at HERA� the triple�di�erential cross section d���dxdQ�dz� for

the production of leading neutrons with transverse momenta pT � ��MeV has been
measured in the kinematic region GeV� � Q� � ��GeV�� � � ���� � x � � � ���� and
�� � z � �	 This measurement is parameterized in terms of a semi�inclusive structure
function F

LN���
� in analogy to the inclusive proton structure function	

The Lepto Monte Carlo program� which is based upon soft colour interactions and
the Lund string fragmentation model� describes the magnitude and the general shape
of the data over the entire z range� although it tends to underestimate the production
cross section for z � ���	
The Rapgap Monte Carlo program� which simulates pion exchange� gives� after

the modi�cation of the implemented pion �ux factor� an acceptable description of the
data in the region z  ���	 For small values of z �z �� ���� pion exchange is ruled out to
be the principal production mechanism	 In this region additional physical processes�
e	 g	 as simulated in the Lund string fragmentation model� dominate the observed cross
section	
Scaling violations have been observed in the measured semi�inclusive structure

function F
LN���
� � which are similar in size and shape to those seen in the GRV
LO

parameterizations of the inclusive structure functions of the pion and the proton	 The
data is equally well described by �ts assuming factorization in x� Q� and z or �� Q�

and z	 Since the measurement is probing only the low � region� the data have only
a relatively limited sensitivity to distinguish the di�erent factorization hypotheses	
Within the accuracy of the measurement� the leading neutron structure function F

LN���
�

constitutes a constant fraction of the inclusive proton structure function F p
� for �xed

values of z� independent from x and Q� in the kinematical region covered by this
analysis	 In ���� � ����& of all deep�inelastic events a leading neutron with pT �
��MeV and z  �� is produced	
The leading neutron data are compared to a similar measurement of the leading

proton structure function F
LP ���
� 	 The production cross section for leading protons is

larger than it is for leading neutrons� which demonstrates that leading proton produc

tion cannot be dominated by pion exchange	 Also the soft colour interaction model
as implemented in the Lepto Monte Carlo program fails to describe the proton data
since it underestimates the cross section by a factor of approximately two	
A Regge model of leading baryon production� which considers the colour neutral

exchanges of pions� pomerons and reggeons� gives a fairly good description of both

���
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the neutron and proton data	 The production cross section for leading neutrons with
��� � z � ��� can be described entirely by � exchange whereas the semi�inclusive cross
section for protons with ���� 
 z 
 ���� require �
 and f� exchange contributions	 In
the model� the contribution due to f� exchange is approximately a factor of two greater
than the contribution due to �
 exchange	
In the framework of this Regge model� the leading neutron data have been used to

estimate for the �rst time the structure function of the pion at low Bjorken�x� which
are one to more than two orders of magnitude smaller than in previous measurements	
The data are in good agreement with the GRV leading order parameterization of the
pion parton distributions	 The estimated pion structure function is approximately ��
of the proton structure function� which is expected from the relative magnitudes of the
total hadronic cross sections of �p and pp scattering	
A major restriction for the accuracy of the cross section measurement� presented in

this work� is given by the limited energy resolution of the Forward Neutron Calorimeter	
A signi�cant improvement is anticipated from the installation of a preshower detector
in front of the FNC in ����	 The high luminosity� which was taken in ���� and which
HERA is expected to deliver in the next years� provides the possibility to extend
the cross section measurement to considerably higher values of Q� and x	 With the
enlarged kinematic range� one can hope to obtain further information� which allow to
better discriminate between the di�erent production models	 Measurements at � 	 ��
would provide a direct comparison of the neutron data with the pion structure function
determined in pion�nucleon scattering experiments	 At very large x� when the valence
quark distribution in the proton is probed� the dynamics of neutron production is
expected to di�er signi�cantly	
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