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Abstract

The ZEUS detector has been used to measure the proton structure function F�� During

���� HERA collided ���� GeV electrons on ��� GeV protons� The data sample corre	

sponds to an integrated luminosity of ��
� pb��� representing a twenty fold increase in

statistics compared to that of ����� Results are presented for � � Q� � ��� GeV� and x

values as low as �� ����� The rapid rise in F� as x decreases observed previously is now

studied in greater detail and persists for Q� values up to 
�� GeV��
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� Introduction

The �rst measurements of the proton structure function F� in ep neutral current �NC� deep
inelastic scattering �DIS� at HERA were reported previously by the H� and ZEUS collaborations
	�
 ��� The large centre of mass energy available at HERA allows measurements to be made
for x values as small as �
�� at Q� values of the order of �
 GeV�
 at least two orders of
magnitude below the lowest values measured in �xed target experiments at this Q� 	�
 �
 ���
The most striking feature of the data is the strong rise of F� as x decreases� There has been
much discussion 	�� about the signi�cance of this observation both for the standard evolution
of structure functions and for the behaviour of the gluon density distribution in the proton at
small x�

In this paper we present the measurement of the proton structure function F� from the ����
HERA data with the ZEUS detector� The data sample corresponds to an integrated luminosity
of 
��� pb�� and represents a twenty fold increase over that used in our �rst measurements�
Two independent analyses have been performed
 one using our standard double angle �DA�
approach and the other based on the energy and angle of the scattered electron� The size of
the systematic errors in the DA method has been reduced through the increased statistics and
improved understanding of the performance of the detector� In addition to probing to smaller
and larger Q�
 the increased data volume allows a �ner binning in both x and Q��

� Experimental setup

��� HERA machine conditions

The experiment was performed at the electron�proton collider HERA using the ZEUS detector�
During ���� HERA operated with bunches of electrons of energy Ee � ���� GeV colliding with
bunches of protons of energy Ep � ��
 GeV
 with a time between bunch crossings of �� ns�
HERA is designed to run with ��
 bunches in each of the electron and proton rings� For the
���� data taking �� paired bunches were �lled for each beam and in addition �
 electron and
� proton bunches were left unpaired for background studies� The electron and proton beam
currents were typically �
 mA� For most of the data taken in ���� the HERA proton ring RF
frequency was �
� MHz which gave a root mean square proton bunch length of about ��
 cm�

��� The ZEUS detector

ZEUS is a multipurpose magnetic detector that has been described elsewhere 	�
 ��� Here we
give a brief description of those parts of the detector relevant for the present analysis�

Charged particles are tracked by the inner tracking detectors which operate in a magnetic
�eld of ���� T provided by a thin superconducting coil� Immediately surrounding the beampipe
is the vertex detector �VXD�
 a cylindrical drift chamber
 which consists of ��
 radial cells

each with �� sense wires� It uses a slow drift velocity gas �dimethylether�	�� and the presently
achieved resolution is �
 �m in the central region of a cell and ��
 �m near the edges� Sur�
rounding the VXD is the central tracking detector �CTD� which consists of �� cylindrical drift
chamber layers
 organised into � �superlayers� 	�
�� With the present understanding of the
chamber
 a spatial resolution of � ��
 �m has been achieved� The resolution in transverse
momentum for full length tracks is �pT �pT � 
�

�pT � 
�
�� �for pT in GeV��

The solenoid is surrounded by a high resolution uranium�scintillator calorimeter �CAL� di�

�



vided into three parts
 forward �FCAL� covering the pseudorapidity� region ��� � � � ���

barrel �BCAL� covering the central region ��� � � � �
��� and rear �RCAL� covering the
backward region �
��� � � � ����� Holes of �
��
 cm� in the centre of FCAL and RCAL are
required to accommodate the HERA beam pipe� The resulting solid angle coverage is ����� of
��� The calorimeter parts are subdivided into towers which in turn are subdivided longitudi�
nally into electromagnetic �EMC� and hadronic �HAC� sections� The sections are subdivided
into cells
 each of which is viewed by two photomultiplier tubes� Under test beam conditions

the CAL has an energy resolution
 in units of GeV
 of �E � 
���
q
E�GeV� for hadrons and

�E � 
���
q
E�GeV� for electrons� The CAL also provides a time resolution of better than � ns

for energy deposits greater than ��� GeV
 which is used for background rejection� For the ����
data taking most of the RCAL was instrumented with the hadron�electron separator �HES�

consisting of an array of � � ��� cm� silicon diodes located at a depth of ��� radiation lengths
�r�l��� The calorimeter is described in detail in 	��
 ��
 ����

The C� beam monitor
 a small lead�scintillator counter
 located� at Z � ���� m was used to
detect upstream proton beam interactions and to measure the timing and longitudinal structure
of the proton and electron bunches� The vetowall detector
 consisting of two layers of scintillator
on either side of an �� cm thick iron wall centered at Z � ���� m was also used to tag o��beam
background particles�

For measuring the luminosity as well as for tagging very small Q� processes
 we use two
lead�scintillator calorimeters 	���� Bremsstrahlung photons emerging from the electron�proton
interaction point �IP� at angles �� � 
�� mrad with respect to the electron beam axis hit the
photon calorimeter at �
� m from the IP� Electrons emitted from the IP at scattering angles
less than or equal to � mrad and with energies 
��Ee � E�

e � 
��Ee are de�ected by beam
magnets and hit the electron calorimeter placed �� m from the IP�

��� Trigger conditions

Data were collected with a three level trigger 	��� The First Level Trigger �FLT� is built as
a deadtime�free pipeline� The FLT for DIS events required a logical OR of three conditions
on sums of energy in the EMC calorimeter cells� either the BCAL EMC energy exceeded ���
GeV� or the RCAL EMC energy
 excluding the towers immediately adjacent to the beam�
pipe
 exceeded ��
 GeV� or the RCAL EMC energy
 including the beam�pipe towers
 exceeded
���� GeV� In addition
 an alternative high transverse energy trigger included DIS events with
electrons in the FCAL� For events with the scattered electron detected in the calorimeter
 the
FLT was essentially independent of the DIS hadronic �nal state� The FLT acceptance was ���
at Q� � � GeV� rising to a constant value close to �

� for Q� � �
 GeV�� The hardware
ine�ciency of the DIS FLT due to dead channels and calibration errors was found to be at
most �� from a study of independent triggers�

The Second Level Trigger �SLT� used information from a subset of detector components to
di�erentiate physics events from backgrounds� The SLT rejected proton beam�gas events using
the event times measured in the RCAL thereby reducing the FLT DIS triggers by an order of
magnitude
 but without loss of DIS events�

The Third Level Trigger �TLT� had available the full event information on which to apply

�The pseudorapidity � is de�ned as � ln�tan �
�
�� where the polar angle � is taken with respect to the proton

beam direction from the nominal interaction point�
�The ZEUS coordinate system is de�ned as right handed with the Z axis pointing in the proton beam

direction� hereafter referred to as forward� and the X axis horizontal� pointing towards the centre of HERA�

�



physics�based �lters� The TLT applied stricter cuts on the event times and also rejected beam�
halo muons and cosmic muons� Events remaining after these cuts were selected for output by
the TLT if

	 � �iEi�� � cos �i� � �
GeV� �E� ���

where Ei
 �i are the energy and polar angle �with respect to the nominal IP� of calorimeter cells
and E� is the energy measured in the photon calorimeter of the luminosity monitor� For fully
contained events 	 � �Ee � ���� GeV� For events from photoproduction processes 	 peaks at
low values� this is because the scattered electrons remain within the rear beam pipe and the
bremsstrahlung spectrum is soft�

The overall trigger acceptance after all three levels is above ��� independent of x and Q�

in the ranges of interest for this analysis�

��� Luminosity measurement

The luminosity is measured from the rate observed in the luminosity gamma detector of hard
bremsstrahlung photons from the Bethe�Heitler process ep� e�p�� The background rate from
electron beam bremsstrahlung on the residual gas in the beampipe was subtracted using the
unpaired electron bunches� More details on the method are given in 	��
 ��
 ���� The longitu�
dinal structure of the beams was measured from C� timing signals and from the reconstructed
primary vertices in non�di�ractive photoproduction events� Approximately �� of the proton
current was contained in satellite bunches which resulted in interactions at Z � ��
 cm from
the nominal IP� The acceptance of the luminosity monitor does not depend on the proton bunch
timing and so includes both the main and proton satellite peaks�

The overall systematic error on the integrated luminosity for the ���� data is ����
 the
largest contributions coming from the acceptance correction and the photon calorimeter energy
calibration�

� Kinematics

In deep inelastic scattering

e�k� � p�P �� e��k�� � anything

the structure functions are expressed as functions of Bjorken x and Q�
 the negative of the
four�momentum transfer squared� The basic quantities
 in the absence of QED radiation at the
electron vertex
 are�

Q� � �q� � ��k � k��� ���

x �
Q�

�P 	 q
���

y �
P 	 q

P 	 k
���

where k and k� are the four�momenta of the initial and �nal state electrons
 P is the initial
state proton four�momentum
 and y is the fractional energy transfer to the proton in its rest
frame�

�



Because the ZEUS detector is almost hermetic the kinematic variables x and Q� can be
reconstructed in a variety of ways using combinations of electron and hadronic system energies
and angles 	���� The ability to measure x and Q� in di�erent ways o�ers a powerful systematic
check on the resulting F� values� In this paper we use two methods�

�� the classic electron method in which the kinematic variables are reconstructed from the
energy �E�

e� and angle ���e� of the scattered electron�

�� the DA method in which only the angles of the scattered electron ���e� and the hadronic
system ��H� are used
 which reduces the sensitivity to energy scale uncertainties� The
angle �

H
is that of a massless object balancing the momentum vector of the electron to

satisfy four�momentumconservation� In the na��ve quark�parton model �
H
is the scattering

angle of the struck quark� It is determined from the hadronic energy �ow measured in
the detector using the equation

cos �
H
�

�
P

h pX�
� � �

P
h pY�

� � �
P

h�E � pZ���

�
P

h pX�� � �
P

h pY�� � �
P

h�E � pZ���
���

where the sums

P

h
 run over all calorimeter cells h which are not assigned to the scattered
electron
 and �pX
 pY
 pZ� is the momentum vector assigned to each cell of energy E� The
cell angles are calculated from the geometric centre of the cell and the vertex position of
the event�

Method � gives better resolution in x at low Q� and method � is less sensitive to the calorimeter
energy scale and gives the better mean resolution over the whole x�Q� plane� Complete formulae
for calculating the variables x
 y and Q� are to be found in 	���� When it is necessary to
distinguish which method has been used the subscripts �e� or �DA� will be used on the variable
concerned�

In the double angle method in order that the hadronic system be well measured it is necessary
to require a minimum of hadronic activity in the CAL away from the beampipe� A suitable
quantity for this purpose is the hadronic estimator of the variable y 	���
 de�ned by

y
JB

�

P
h �E � pZ�

�Ee

���

where Ee is the electron beam energy�

� Monte Carlo simulation

Monte Carlo event simulation is used to correct for acceptance and resolution e�ects� The
detector simulation is based on the GEANT 	��� program and incorporates knowledge of the
apparatus
 test beam results and trigger� More details of the detector �MOZART� and trigger
�ZGANA� simulation codes are given in 	���

Neutral current DIS events with Q� � �GeV� were generated using the HERACLES 	�
�
program
 which includes �rst order electroweak radiative corrections� The hadronic �nal state
was simulated using the color�dipole model 	��� including boson gluon fusion as implemented
in ARIADNE 	��� for the QCD cascade
 and JETSET 	��� for the hadronisation� The ARI�
ADNE model gives the best overall description of our observed energy �ow and other �nal state
properties and is used for the standard corrections and unfolding of F�� The default parameter�
isation of the parton distribution functions �PDFs� is the MRSD�

�
set 	��� but we also use the

�



MRSD�

� 
 CTEQ�D� 	��� and GRV�HO� 	��� sets� To check event migration at the lowest values
of Q� a sample of ARIADNE events with Q� � �GeV� and the GRV�HO� structure is used� To
study the sensitivity of resolution and acceptance corrections to models of the �nal state and
fragmentation
 a sample of DIS events was also generated using LEPTO �MEPS option� 	����

As we explain in more detail in Section ����� below
 the data sample contains a contribution
�� �
�� from events with a large rapidity gap �LRG� in the hadronic �nal state 	��
 ����
These events are not simulated in the above Monte Carlo programs� Separate Monte Carlo
event samples were produced using POMPYT 	�
� �with a hard parton momentum density
in the pomeron� and the Nikolaev�Zakharov �NZ� 	��� models
 both of which give reasonable
descriptions of the properties of LRG events 	���� These samples are used to check acceptance
and event migrations� They do not contain QED radiative processes�

The main source of background in the DIS sample is photoproduction at high y
 in which
a fake electron signal is produced either by a photon or by a charge exchange interaction
in the detector material� To study this
 we generated events with Q� � � GeV� using the
PYTHIA 	��� program� The spectrum of scattered electrons was generated down to Q� � 

using the ALLM parameterisation 	��� of the total photoproduction cross section� The hadronic
�nal state was simulated in the ��p centre of mass system using the multiparton interaction
scheme 	��� implemented in PYTHIA for hadron�hadron scattering�

To determine the acceptance of the trigger and data selection
 the Monte Carlo events were
passed through the reconstruction and selection procedures identical to those for the data
described in the next section� The large ARIADNE sample used for correction and unfolding
corresponds to an equivalent integrated luminosity of ��� nb���

� Event selection

��� General remarks

In the ���� data taking a total of ���
� events was recorded with the DIS trigger described in
Section ���� Events were reconstructed with the ZEUS reconstruction program ZEPHYR 	���
After reconstruction and a �lter requiring a loosely de�ned electron with E�

e � � GeV
 and
a cut on 	 as in equation ��� but with �
 GeV raised to �� GeV
 ��� � �
� events remained�
The event selection procedure is designed to recognise events with a scattered beam electron
and to remove remaining beam�gas and cosmic ray backgrounds� The cuts also control the
magnitude of radiative corrections and minimise contamination of the DIS sample by mis�
identi�ed photoproduction events� Electrons are recognised by the spatial pattern of energy
deposition in the CAL and by the ratio of EMC to HAC energies� By adjusting the parameters
of the algorithm the purity and e�ciency can be tuned to the particular physics goal� For
the standard F� analysis we tune the electron �nder for high purity� From studies with the
ARIADNE Monte Carlo sample the electron �nding e�ciency is found to average ��� in the
x� Q� bins used to measure F�
 being above ��� in most bins and only dropping below �
�
in two edge bins at high y� The purity is better than ��� for energies above �� GeV� For
systematic checks we use a neural network electron �nder 	���
 which is very di�erent from the
above cone�based algorithm
 but has similar electron �nding e�ciency and purity�

The primary event vertex is determined from tracks reconstructed using VXD�CTD infor�
mation� The resolution of the Z�coordinate of the primary vertex
 Zvtx
 has been investigated
by comparing the results of two di�erent track reconstruction codes and from Monte Carlo
simulation� The mean resolution of Zvtx is 
�� cm for the entire region in x and Q� used for

�



the F� analysis� Figure � shows the Zvtx distribution for DIS data �solid points� and for the
Monte Carlo events �histogram�
 normalised to the number of data events� The Monte Carlo
events were generated with a Zvtx distribution determined from non�di�ractive photoproduc�
tion events� Data and Monte Carlo are in good agreement� The �gure also shows that the
proton satellite peak at ��
 cm is well described� A gaussian �t to the main peak has a root
mean square width of ��
�� cm� If no tracking information is available Zvtx is estimated from
FCAL timing 	��
 with a resolution of �
�� cm� If neither tracking nor FCAL timing is present
the vertex position is set to the nominal IP� In the DA DIS sample we �nd that ��� events
have a good tracking vertex in agreement with the ARIADNE Monte Carlo simulation
 
���
have only a FCAL timing vertex and 
��� neither� In the electron analysis ��� of events have
a tracking vertex
 with a corresponding �gure of ��� in the simulation� A larger fraction of
events do not have a tracking vertex because the yJB cut �see below� is not applied�

The impact point of the electron on the CAL face is measured using the energy sharing
between the two phototubes that view each cell and the energy sharing between neighbouring
cells among the cells assigned to the electron� The typical resolution is � cm
 except close to
the beam pipe 	��� The shorter proton bunch length in the ���� run and the vertex resolution
improvement from the fully instrumented CTD together lead to a better determination of the
electron scattering angle� The electron angular resolution is better than 
��� except for angles
above ���� when it rises to 
����� The angular resolution of �H is much the same as it was for
the ���� analysis and is ��� at yJB � 
�
� improving to ��� for yJB � 
��� Below yJB of 
�
�
the measurement of �H is distorted by noise in the calorimeter�

��� Double angle method

In detail the DA DIS sample must satisfy the following criteria
 where the number in brackets
following each cut is the number of events surviving that cut�


 E�

e � � GeV � to have reliable electron �nding and to control the photoproduction back�
ground ����k��


 jtRj � � ns and jtF � tRj � � ns � to reject beam related backgrounds and cosmic rays

where tR and tF are the mean times recorded in the RCAL and FCAL 	��� ���
k��


 ye � 
��� � to reject photoproduction background ����k��


 the impact point of the electron on the face of the RCAL lies outside a square of side
�� cm centered on the beam axis �box cut� � to ensure full containment of the electron
shower ���k� �


 yJB � 
�
� � to ensure a good measurement of the angle �H and x ���k��


 �� � 	 � �
 GeV �where 	 is de�ned by equation ��� but now with angles referred to the
event vertex� � to control radiative corrections and reduce photoproduction background
�����k��

After the selection cuts
 and the removal of ��� QED Compton scattering events
 ��� residual
cosmic�ray events and �

 events from non�colliding bunches
 the DA DIS sample contains ��k
events corresponding to an integrated luminosity of ��� nb���

Figure �a shows the yJB distribution
 integrated over Q� � � GeV� but before the cut on
yJB is applied
 for the data �solid circles� together with the expectation from the ARIADNE

�



simulation with MRSD�

�
PDFs �histogram�� The shape of the simulated yJB distribution is

quite sensitive to the details of the fragmentation model
 the input PDFs and the modelling of
the CAL response� It is di�cult to isolate these e�ects and we have not been able to obtain a
completely satisfactory description of this distribution� However one of the largest e�ects is the
input PDF and it can be seen from Figure �b that reweighting the ARIADNE simulation to the
measured ZEUS F� improves considerably the description of the data� It should be noted that
yJB is used as a selection cut
 but it does not enter directly in the calculation of the kinematic
variables in the DA method�

��� Electron method

����� Electron energy correction

In the ZEUS detector the primary tool for electron identi�cation and measurement is the
uranium�scintillator calorimeter� The absolute calibration of the CAL has been determined
by test beam measurements 	��
 ��� and is maintained by monitoring the level of the natural
uranium radioactivity� The calibration is estimated to be correct to better than �� and has
been checked using beam halo muons 	���� However scattered DIS electrons in ZEUS typically
pass through � r�l� �rising to as much as � r�l� in certain regions� of material before reaching the
CAL� If x and Q� are to be reconstructed from the electron�s angle and energy it is necessary
to correct the measured energy for energy loss in the inactive material� Using the large ����
data sample the correction can be determined in a direct way� At low values of y the scattered
electron energy deviates very little from the incident beam energy of ���� GeV
 independently of
x and Q�
 giving rise to the so called kinematic peak �KP�� KP events are selected by requiring
the standard DA DIS cuts with the exception of the yJB cut �yJB � 
�
�� which is replaced by
yJB � 
�
� and also requiring Q�

DA
� �

 GeV�� Figure � shows the KP area in the x � Q�

plane� Note that with these cuts the KP sample does not overlap that used for the DA F�

analysis� The position of the kinematic peak does not depend on the value of F�
 and this has
been checked in the Monte Carlo data using MRSD�

� 
 MRSD�
� and CTEQ�D� PDFs�

The principle of the method is to use the KP electrons to measure the energy loss in inactive
material in front of the RCAL� Bins on the face of the RCAL are chosen so that in a given
bin the electrons traverse a roughly constant amount of material before reaching the detector�
In practice the choice of bin size is also limited by statistics� The observed shift of the KP
electron energy from Ee in a bin is then compared to test beam data� with known amounts of
absorber before the CAL modules to produce a map of inactive material depth in front of the
RCAL� Electron energy loss as a function of material depth in units of r�l� and E�

e from test
beam data are used to calculate the energy loss for electrons in the RCAL� The same procedure
is applied to Monte Carlo data� The correction functions have been determined for electron
impact points on the RCAL face within a circle of radius �
 cm centered on the rear beam
direction� After correction the positions of the KP in data and simulation agree to about �� at
the expected value of ���� GeV� The correction functions for data and Monte Carlo are di�erent
because the ZEUS detector simulation code is not yet quite accurate enough in its description
of material in the backward region near the rear beam pipe and this a�ects particularly the
electron electromagnetic shower simulation� The di�erence
 which is presently not completely
understood
 is compatible with the hypothesis that about � r�l� of inactive material is missing
in the simulation in the angular range ���� � ��e � �����

�The test beam data were recorded without a magnetic �eld�

�



We have used three independent physics channels to verify that the RCAL electron energy
correction is accurate to about the �� level�


 Elastic QED Compton scattering events have a �nal state consisting of an electron and a
photon� For Compton events the sum of the electron and gamma energies should satisfy

to a good approximation


E� � E� � Ee �M�
e����Ee� ���

where Me� is the e� invariant mass� Using energy and momentum conservation
 Me� is
calculated from the angles of the electron and photon measured in the CAL� The scale on
the r�h�s� of equation ��� is set by the electron beam energy so the ratio of the measured
quantity E� � E� to the r�h�s� of the equation gives a direct check on the energy loss
correction� Using ��� selected Compton events� and uncorrected energies we �nd a mean
of 
��� for the ratio and using corrected energies a value of ��
��


 In di�ractive DIS � events the �� is the hadronic �nal state and its contribution to 	 can be
calculated to an accuracy of �� from charged particle track information� The scattering
angle of the electron is measured in the usual way from CAL information� Using energy
and momentum conservation an estimate of E�

e is obtained independently of the RCAL
energy scale� From a sample of ��� DIS � events the mean of the ratio E�

e�RCAL��E�

e���
is found to be 
��� without the RCAL energy loss correction and 
��� with it�


 DIS events in which a hard initial state radiative photon is measured in the luminosity
gamma detector can also be used to check the RCAL energy
 corrected for the loss in
the inactive material
 against that of the luminosity gamma detector� This method is
slightly less accurate than the other two but from a sample of about �


 such events
the corrected RCAL energies agree
 within the expected uncertainty of ��
 with those
predicted by the luminosity gamma detector�

����� Electron data selection

For the electron method the event selection procedure is very similar to that described in
Section ��� above for the DA method
 except that the electron energy is corrected before the
E�

e
 ye and 	 cuts are applied� In detail the cuts are
 where the number in brackets following
each cut is the number of events surviving that cut�


 E�
e�corrected�� � GeV ����k��


 jtRj � � ns and jtF � tRj � � ns ����k��


 yel � 
��� ������k��


 the impact point of the electron on the face of the RCAL lies outside a square of side ��
cm centered on the beam axis �����k��


 �� � 	 � �� GeV � the upper cut is at �� rather than �
 GeV because the corrected
electron energy shifts the peak of the 	 distribution to a higher energy �����k��

�The cuts used here to select Compton events are more restrictive than those used in Section ��� to reject
QED Compton background�

�




 the electron impact point on the RCAL face must lie within a circle of radius �
 cm
centered on the beam axis �which corresponds to a maximum Q� of roughly �

 GeV��
�����k��

After these cuts
 and the removal of QED Compton events and cosmic�ray events
 the electron
DIS sample contains ����k events� Note that no cut on yJB is applied�

� Choice of bins and data characteristics

��� Choice of bins in x and Q�

Figure � shows the distribution in the x � Q� plane of the DA DIS event sample� Lines of
constant y � � �full � kinematic boundary� and y � 
�
� �dashed� are shown as well as the
region covered by �xed target experiments� The accessible kinematic region is limited at low Q�

by the box cut and at high Q� by statistics� In x
 at �xed Q�
 the kinematic region is bounded
on the high y side by the cut on ye and the cut on the electron energy �at low Q� values�� At
low y the boundary comes from the cut on yJB in the DA method� In the electron method
 for
Q� � �

 GeV�
 the limit at low y comes from the poor x resolution of the KP region�

F� is a function of x and Q� and in order to measure it the data are binned in these variables�
Bins are chosen commensurate with the resolutions in x and Q�� At high Q� limited statistics
determines the size of bins� Full details are given in Table � for the low Q� bins and in Table
� for the high Q� bins� For both the DA and electron methods the relative resolution in Q� is
��� independent of Q�
 so we can use the same Q� binning for both methods �for the electron
method only bins below �
 GeV� are relevant�� For the DA method the relative x resolution
varies smoothly with x from �
� at �
�� to �
� at �
�� and is almost independent of Q��
In principle using the electron method the x resolution should improve at low values of x�
However
 although the electron energy is corrected for energy loss in the inactive material
 the
degradation in energy resolution cannot be completely recovered� As the net improvement in
x resolution is rather small we use the same binning in x as for the DA method�

Not all bins compatible with the resolution are used in the analysis� The most important
factor in the choice of bins is the overall acceptance after all cuts� Figure � shows the acceptance
in the chosen bins and it can be seen that it is well above �
� in most bins� In only two bins
at low Q� does the acceptance drop below �
�� Other factors must also be taken into account�
purity �the fraction of simulated events generated in a bin and measured in the same bin� must
be above �
� and is in fact above ��� in most bins� at high Q� the minimumnumber of events
in a bin is required to be �
� Together these considerations lead to the choice of �selected� bins
shown for the DA method in Figure �� For the DA analysis a total of ��k events remain in the
selected bins and for the electron analysis a total of ����k events lie in the bins with Q� � �

GeV��

��� Kinematic distributions

In this section the kinematic properties of the two DIS samples in the selected bins are described
and compared to the ARIADNE simulation�

For the DA DIS sample Figures �a and b show the primary measured quantities
 ��e and
�H respectively� In both plots the data is represented by the solid circles and the ARIADNE
simulation
 adjusted to the measured F�
 by the histograms� The distributions of both angles

�



are generally well described by the simulation
 except for a small excess in the data at large
angles �near the rear beam pipe�� The problems that were encountered in the exact description
of the yJB distribution do not a�ect that of �H � The variables Q�

DA and xDA
 calculated from
��e and �H 
 are shown in Figures �c and d respectively� The agreement between the data and
the Monte Carlo simulation is good� For all the plots of Figure �
 the simulation has been
reweighted to the measured F� and normalised to the number of data events� Also note that
the residual photoproduction and other background events have not been subtracted from the
data�

In the electron analysis the kinematic variables are calculated after the appropriate electron
energy corrections have been applied to the data and Monte Carlo events� Figures �a and b

for the electron DIS sample
 show the distributions of E�

e and ��e respectively� In both
 the
data �solid circles� is well described by the ARIADNE simulation �histograms�� In particular
the good agreement between the shapes of the E�

e distributions is another con�rmation of the
correctness of the RCAL energy loss corrections� Figures �c and d show the distributions of xe
and Q�

e calculated from E�

e and ��e� In both cases the description of the data by the simulation
is good� As in the case of the DA analysis
 the ARIADNE simulation has been reweighted to
the measured F� and normalised to the number of data events and background events have not
been subtracted from the data�

The good agreement between the ARIADNE simulation and the data for the kinematic
variable distributions for both methods shown in Figures � and � shows the consistency of our
correction and unfolding procedure�

� Backgrounds

��� Non�ep backgrounds

The level of beam gas background is estimated by using the numbers of events passing the
DIS selection cuts from the unpaired electron and proton bunches
 scaled by the ratio of bunch
currents� For proton beam�gas we �nd a level of less than 
��� and for electron beam�gas a level
of at most 
���� Figure � shows
 on a log scale
 the contribution from beam�gas background
�open squares� to the measured 	 distribution� The contamination by cosmic ray events in the
�nal sample is estimated from the empty bunches to be less than 
�
��� These backgrounds
are subtracted statistically� If a vertex cut is applied the non�ep backgrounds are reduced to a
negligible level�

��� ep backgrounds

The most serious residual background in the DIS sample is that from photoproduction� Figure �
shows the 	 spectrum for the DA sample �triangles�
 together with tagged� photoproduction
data ��lled circles�� The �gure shows that 	 has a minimum in the region of �� GeV between
the falling background distribution �mainly determined by the shape of the bremsstrahlung
spectrum� and the rising edge of the peak in 	 from DIS events� This is the reason for the
standard value of the lower cut on 	 being set at �� GeV� Two methods have been used to
estimate the level of photoproduction background in each bin�

�The scattered electron was recorded in the luminosity electron detector�

�




�� For the electron method the 	 distribution of photoproduction events was generated with
the PYTHIA Monte Carlo and passed through the complete reconstruction and DIS
selection procedure�

�� For the DA analysis
 in each bin a combination of exponential and gaussian curves is �t to
the shape of the measured 	 distribution �before the cut on 	 is applied� from which the
background level is estimated� An example of the method for one x�Q� bin is shown in
Figure �� The description of the overall 	 distribution and background by these functional
forms is shown in Figure � by the full and dash�dotted curves respectively�

The photoproduction background is not distributed uniformly over the x � Q� plane� it
reaches up to ��� at high y �low E�

e�
 but for most bins it amounts to only a few percent�
As the two methods of estimating the background agree with each other to within �
�
 an
error of �
� is assigned to the level of photoproduction background subtracted from the data�
In addition the background level is sensitive to the cut on the electron energy and the details
of the electron �nder algorithm� These points will be considered again in Section ��� where
systematic uncertainties are discussed�

��� Upper limits on backgrounds

In some bins
 using the methods outlined above
 the background is found to be zero� For the
Q� bins at �

 GeV� and above the DA DIS event sample was scanned and no non�ep events
�beam�gas and cosmic ray� were found� For the other bins an upper limit is calculated at a
con�dence level of ��� using Poisson statistics� In some of these bins at large x
 given the DA
event selection cuts E�

e � � GeV and ye � 
���
 contributions from beam�gas interactions are
kinematically impossible� In these bins the upper limit is � events determined from the level of
cosmic�ray background events� In the remaining bins the upper limit is �� events
 determined
from all non�ep sources� The numbers quoted are after scaling up by the appropriate ratios of
bunch currents or bunch numbers� The limits for the DA analysis are given in Tables � and �

but in all cases no events were subtracted from the data in these bins� A similar approach was
taken in the electron analysis�

� The proton structure function F�

	�� Extraction

In deep inelastic scattering the double di�erential cross section for inclusive ep scattering me�
diated by virtual photon and Z� exchanges is given in terms of the structure functions Fi

by�

d��

dx dQ�
�

��
�

xQ�

h
Y�F��x
Q��� y�FL�x
Q�� � Y�xF��x
Q��

i
�� � 	r�x
Q��� ���

where Y� � � � �� � y�� and x and Q� are de�ned at the hadronic vertex of the scattering
amplitude� FL is the longitudinal structure function
 F� the parity violating term arising from
Z� exchange and 	r the radiative correction� We denote by F��x
Q�� and FL�x
Q�� the familiar
ep structure functions containing contributions from the exchange of a virtual photon only� In
this analysis we extract F� as explained below� At the highest mean Q� of ��

 GeV� in the

��



selected bins the contribution from Z� exchange to the cross section is equivalent to a �
�
correction to F�� This has been calculated using the MRSD�

�
PDFs and GLAP 	��� evolution�

For the next lowest Q� bin the Z� corrections are already less than ��� We must also correct
for FL
 particularly in the small x �high y� bins at low Q� where it can amount to a ������
correction� The FL correction factors
 calculated using the QCD expectation 	��� with the
MRSD�

� PDFs
 are given in Tables � and ��
According to the HERACLES simulation
 using the DA method and a cut on 	 of �� GeV

�equivalent to a cut of � GeV on the unseen photon in the case of initial state radiation�

radiative corrections are in the range �� �� for x � �
��� These results are in agreement with
the recent calculations by Bl�umlein 	�
� for the DA method� We have checked the reliability
of the radiative corrections with a sample of DIS events in which a hard initial state radiative
photon was recorded in the luminosity photon detector� Figure �
 shows a comparison of the
di�erential cross section in bins of E� from the data with an absolute prediction of the HER�
ACLES Monte Carlo code for Q�

h � � GeV�
 con�ned to a region of E� where the background
from quasi�elastic ep � ep� events is less than ��� �Q�

h is the value of Q� calculated at the
hadron vertex�� The agreement between the data and Monte Carlo simulation in both shape
and normalisation is good� In the case of the electron method the radiative corrections are at
most �
� in the bins with Q� up to �
 GeV� where the method is used�

Since the Z�
 FL and radiative corrections are small in all bins we can rewrite equation ���
as

d��

dx dQ�
�

��
�Y�
xQ�

F��x
Q���� � 	FL � 	Z��� � 	r� ���

with an obvious notation
 and where the corrections 	FL�Z�r are functions of x and Q� but
 to a
good approximation
 independent of F��

To unfold the e�ect of acceptance
 event migration and the 	i corrections we use the ARI�
ADNE and HERACLES Monte Carlo event sample which was generated according to equa�
tion ��� and thus contains transverse and longitudinal photon and Z� contributions and radia�
tive e�ects� There are many ways in which the corrected F� can be obtained
 for example by
correcting back to the Born cross section and then removing FL and F�� For both analyses
we unfold directly back to the virtual photon F� by using equation ���
 which is accurate if
the 	i corrections are small and do not depend strongly on F�� From the ARIADNE Monte
Carlo events a bin�by�bin overall acceptance and correction matrix is calculated
 relating the
generated number of events in a bin to the �measured� number in the simulation� The essence
of the unfolding method 	��� is to modify the starting F� iteratively until the distribution of
�measured� Monte Carlo events in the selected bins matches that of the data
 making due al�
lowance for the ratio of the data luminosity to that corresponding to the total number of Monte
Carlo events� Starting from F� calculated using the MRSD�

� PDFs and using some smoothing
of the unfolded Monte Carlo data after each iteration
 typically � or � iterations are needed�
More than one unfolding method has been used and the methods have been tested by using as
�data� Monte Carlo events weighted with PDFs di�erent from the standard MRSD�

� � The same
procedure is used to unfold F� in both the DA and electron analyses
 applying the appropriate
selection cuts to de�ne the �measured� Monte Carlo sample in each case� The statistical error
contains the error from the number of events in data and simulation and the error from the
photoproduction background subtraction all added in quadrature�

��



	�� Systematic errors

Before we discuss the systematic errors of each method
 we consider some problems associated
with the hadronic �nal state simulation which mainly a�ect the DA method�

����� Simulation of the hadronic �nal state

As we have reported in 	��� about ���
� of the DIS events contain a large rapidity gap� These
events cannot be accounted for by the standard ARIADNE Monte Carlo simulation� We de�ne
�max as the maximum pseudorapidity of all calorimeter clusters in an event
 where a cluster
is de�ned as an isolated set of adjacent cells with summed energy above �

 MeV� The DIS
events with �max � ��� constitute the large rapidity gap �LRG� sample� The LRG events have
been shown to be consistent with a leading twist di�ractive production mechanism 	��
 ��� and
their properties can be adequately described by the di�ractive Monte Carlo models referred
to in Section �� We have used event samples from the di�ractive simulations to check that
the kinematic properties and event migrations of the LRG events are close enough to those
of the standard DIS events that we can use the ARIADNE Monte Carlo to unfold the total
sample without serious error� However
 as the di�ractive events are missing in the ARIADNE
Monte Carlo sample
 we have also used a mixture of �
� ARIADNE and �
� POMPYT �or
NZ events�
 which gives a reasonable account of the �max distribution in DIS events 	���
 to
unfold F�� The resulting changes to the F� values constitute one source of the systematic error
to be discussed below�

Although the ARIADNEMonte Carlo simulation gives a good description of the DIS hadronic
�nal state the sensitivity of the correction and unfolding procedure to the �nal state model needs
to be checked� For this purpose we use the MEPS Monte Carlo which provides a reasonable
description of the �nal state but does not describe the hadronic energy �ow quite as well as
ARIADNE 	���� Using MEPS to unfold F�
 we �nd values well within the DA systematic errors
described below
 which shows that the correction and unfolding procedure is not very sensitive
to the details of the �nal state model�

����� DA method systematic errors

We have made many checks on the stability of the DA measurement of F�� In each case a
change is made to one aspect of the analysis and the full evaluation of F� repeated� The bin�
by�bin changes in F� from the standard central values are recorded� To evaluate the overall
systematic error we have considered in turn the essential ingredients in the analysis� In detail
the systematic error is calculated from the following changes and each one is numbered for later
reference�


 Errors associated with electron �nding and background subtraction� As we mentioned
in Section ��� the level of photoproduction background depends on the details of the
electron �nding algorithm� To check the sensitivity to the electron �nder algorithm and
photoproduction background
 the neural net electron �nder was used ���� The largest
changes to F� ��
�� occur in the bins on the high y side of the selected region�


 Below electron energies of �� GeV the electron �nding e�ciency may be a�ected by a
slight mismatch between data and Monte Carlo in the pattern of energy deposition� Based
on test�beam and Monte Carlo studies we have modi�ed the electron �nding e�ciency to
account for this di�erence� The largest change to F� is less than �� ����

��




 Electron energy scale� Although the DA reconstruction does not depend directly on the
electron energy scale
 the selection cuts do� To check this we have repeated the DA
analysis using corrected electron energies throughout ���� For most bins the change is a
few percent but in two high y bins it is �� and ���
 respectively�


 Electron angle� The electron angle is calculated from the impact position on the CAL
face and the primary vertex position� The region where we are most sensitive to the
position uncertainty is near to the RCAL beam�pipe hole
 which corresponds to low Q��
To estimate the systematic error we make two changes� vary the box cut from the standard
square box of side �� cm to a rectangular one of vertical side �� cm and horizontal side
�� cm ���� shift the mean vertex in the Monte Carlo simulation by � 
�� cm ���� The
largest change from ��� is about �� and from ��� ���


 Hadron energy scale and angle� The hadron angle �H is calculated using equation ���
and does not depend on the overall hadronic energy scale directly� However it would be
a�ected if there were a local variation which caused the E � pZ and pX 
 pY components
to be a�ected di�erently� To check this e�ect we have smeared the hadronic energy
in each cell in the Monte Carlo simulation by an amount which gives on average an
additional �� smearing in resolution in E � pZ and pX 
 pY ���� This change is consistent
with our knowledge of the uncertainty in the hadron energy scale from studying DIS jets
balancing the electron in transverse momentum and hard photoproduction events with
two transverse momentum balanced jets� The largest change in F� from this check is just
under �
� in some low y bins� The DA DIS acceptance also depends on the value of
the yJB cut and to estimate the uncertainty from this source we have varied the value of
the cut from the standard value of 
�
� to 
�
� and 
�
� ���� This produces one of the
largest sources of uncertainty � with changes between � and �
� in some low y bins with
a maximum of ��� in the highest x bin at �

 GeV�� Although the DA method does not
depend on the hadronic energy scale directly
 it does enter in the cuts� We have checked

by shifting the hadronic energy scale by �� in the Monte Carlo
 that this produces a
smaller change everywhere than those already considered under this heading�


 Di�ractive events� As we have explained in the previous section di�ractive like events are
not included in the ARIADNE Monte Carlo sample� To estimate the uncertainty from
this omission we unfold with the mixture of ARIADNE and POMPYT ���� The average
change is � � ���


 To assess the uncertainty in the unfolding from the particular choice of PDFs we have un�
folded with the ARIADNEMonte Carlo using MRSD�

� rather than the standard MRSD�

�����
The average change is less than �� but it can rise to about �� in some high y bins�


 To check the uncertainty in the unfolding method itself we take the di�erence between
two unfolding algorithms ��
�� The largest changes are around ���


 To assess the uncertainty in the estimation of FL we take the largest change calculated us�
ing the following PDF parameterisations� MRSD�

� 
 MRSD�
� 
 GRV�HO�
 MTB�
 MTB�

����� The change is only visible in the low Q� high y bins where it can reach ���

The bin�by�bin systematic errors quoted in Tables � and � are calculated by adding in
quadrature all the �� checks listed above� Figure ��F shows the total relative systematic error
as a function of y for Q� bins between ��� and ��
 GeV� in which the systematic error is

��



usually dominant� In this and the other plots in the �gure
 solid circles indicate bins in which
the systematic error is larger than the statistical error and open circles for the opposite case� It
can be seen that the errors tend to be largest in the edge bins at high and low values of y� The
other plots show the contribution to the total systematic error as follows� �A� electron �nding
and photoproduction background ���� ���� ���� �B� electron angle measurement ���� ���� �C�
hadron angle measurement ���� ���� �D� �nal state and unfolding ���� ���� ��
� and �E� FL
error ���� where the numbers in brackets refer to the individual changes above and � indicates
addition in quadrature� From these plots the following conclusions can be drawn� electron
�nding and background subtraction uncertainties contribute substantially to the systematic
error in only a few high y bins� the electron angle measurement is well understood� the FL and
general unfolding uncertainties make a rather small contribution to the systematic error� the
biggest uncertainties come from the determination of �H at small values of y�

We have also made the following variations in the event selection cuts and checked that the
resulting change in F� is within the systematic error as calculated above�


 Increase the cut on E�

e from � to �
 GeV�


 Apply a primary vertex cut ��
 � Zvtx � �
 cm�


 Take the largest change when the lower 	 cut is varied from �� to �
 or �
 GeV�

In addition to the bin�by�bin errors there is an overall normalisation uncertainty of ����
 of
which ���� is from the luminosity determination and �� from the uncertainty in the �rst level
trigger e�ciency� The errors of the F� data shown in the �gures below do not include the
normalisation uncertainty�

����� Electron method systematic errors

For the electron analysis a similar procedure is followed� First the analysis is repeated without
the photoproduction background subtraction
 then the change from these F� values for each of
the changes listed below is calculated� The systematic error is the sum of the di�erences added
in quadrature�


 Electron �nder� The neural network electron �nder was used in place of the standard
one� The changes to F� average around �� and reach ��� only in the bin at Q� � ��
GeV� and x � 
�


���


 Electron energy scale� The largest change when the CAL energy scale in the Monte Carlo
is adjusted by � ���� is taken� The change in F� averages less than �� but is ��� in
one bin at �� GeV��


 Vertex position� The largest change when the mean Monte Carlo vertex position is shifted
by �� cm is taken� �A larger shift is used here than in the corresponding check for the
DA method because a larger proportion of events do not have a well measured vertex��
The changes are less than �� in all bins except one at �� GeV� where it is ���


 Box cut� Change of the RCAL box cut from the standard square of side �� cm to one of
side �� cm �this is not the same as the change made in the DA case because of the need
to stay within the region where the energy loss corrections have been measured�� The
changes are generally less than ��
 except in the bin at Q� � �� GeV� and x � 
�


��
where it is ���

��




 Check on electron event selection� The cut on E�

e is increased from � to �
 GeV� The
changes are very small except in the lowest x and Q� bin where it is ���


 Sensitivity to radiative corrections and photoproduction background� The largest change
when the lower cut on 	 is changed to either �� GeV or �
 GeV is taken� The changes
are almost zero except in the lowest x bin at each Q�
 where they decrease rapidly
 as Q�

increases
 from ��� at ��� GeV� to �� at �� GeV��

The overall systematic error for the electron F� averages about ���
 rising to ��� in some
bins at high y� In addition to the systematic error analysis just described
 an independent
electron F� measurement was performed in which the energy loss correction was derived from
a comparison of the electron energy measured in the CAL and of its momentum measured by
tracking� In the bins with Q� above �� GeV�
 where the measurements were made
 the F�

values agree with those from the standard electron analysis within systematic errors�

� Results

We �rst compare the results from the two analyses� In both analyses the events are binned in
x and Q� and after unfolding the F� values are determined at the mean x and Q� positions for
the events in that bin� However as a byproduct of the unfolding
 the modi�cation of the input
structure function needed to �t the measured F� as a function of x and Q� is available� It is
thus straightforward to give the F� value in a bin at more convenient values of x and Q� than
their means� These are the values quoted in Tables � and �� typically the shift in the value of
F� is �� or less�

Figure �� shows the F� values determined by both the DA and electron methods in the
bins with Q� � �
 GeV�� At a given Q� the F� values agree very well with each other

generally within statistical errors� At all Q� values the slopes of the data
 as functions of x

from the two methods also agree well� Though the events are drawn from overlapping samples
the reconstruction methods are di�erent and have di�erent systematic e�ects� In fact
 the
agreement between the two methods is the most important systematic check on our results�
The ability to perform two independent analyses with one apparatus is one of the strengths of
the hermetic detectors at HERA�

We choose the DA results for allQ� as the �nal values for the ZEUS ���� F� data� Details are
given in Tables � and � which show for each bin
 the x and Q� ranges
 the number of observed
events
 the F� values and their statistical and systematic errors
 the equivalent number of
background events and the FL corrections� Figure �� shows the �nal F� data for all Q� bins
except the one at �


 GeV� in which there is only one measured value� The �gure shows that
the strong rise of F� with decreasing x observed in the ���� HERA data is con�rmed� This
behaviour is in striking contrast to the almost constant behaviour seen at larger values of x� The
steep rise persists from the lowestQ� values upto Q� of �

 GeV�� Figure �� shows the F� values
versus Q� at �xed values of x showing that the data are in accord with the expected logarithmic
scale breaking
 now measured in a new regime of high Q� and low x� Also shown in this �gure
are the curves from the MRSD�

�
�full line� and MRSD�

� �dashed line� PDFs
 which represent
roughly the extremes of the parameterisations that �t �xed target data� Figure �� shows the
F� data as functions of Q�
 at constant x
 but plotted on di�erent scales� A non�zero slope

dF��dlnQ�
 is a manifestation of scaling violations� The increase in dF��dlnQ�
 and therefore
of scaling violations
 as x decreases is very clear from Figure ��� Using various approximations
to the GLAP evolution equations
 or a full QCD �t
 the behaviour of dF��dlnQ� can be used

��



to estimate the gluon momentum density distribution in the proton� A more detailed study of
this aspect of our data is in progress 	����

�	 Discussion

In this section we �rst discuss in more detail the comparison of the ZEUS F� results with
calculations of F� based on PDF parameterisations� then comment in a more quantitative way
on the rise of F� at small x and �nally make some observations about the ��p total cross section
derived from the ZEUS F� data�

�
�� Comparison of F� with PDFs

Returning to Figure �� which shows F� versus x in Q� bins
 the �gure also shows four represen�
tative curves from recent PDF evaluations� MRSD�

�
�full line� and MRSD�

� �dashed line� 	���
have a starting scale for the GLAP evolution of Q�

� � � GeV�� D�

� has a singular parameterisa�
tion for the sea quark and gluon distributions� xf � x�n as x� 
 where n � 
��
 and D�

� has
a constant behaviour� xf � const as x� 
 �in both cases at Q� � Q�

��� At the lowest values of
Q� these two PDFs span the ZEUS data
 and at Q� of �� GeV� and above the data agree with
the D�

�
curves� The dash�dotted curve shows CTEQ�D� 	��� and the dotted curve MRSA 	����

Both these PDFs have singular gluon distributions but with n � 
��
 for Q�
� � � GeV� and are

typical of recent PDF evaluations that have included the ���� HERA data among the data sets
used to determine their parameters� Both give good representations of our data at Q� values
of �� GeV� and upwards� In the lowest Q� bins the MRSA curves lie slightly above the ZEUS
data
 whereas the CTEQ�D� curves follow the data� For all these PDF evaluations of F� four
quark �avours were used and all were assumed massless�

Figure �� shows the F� data together with the GRV�HO� 	��� PDF calculation �full curve�
 in
which the PDFs are evolved from a very low scale of Q�

� � 
�� GeV�
 starting with valence�like
parton distributions� In this case much of the steep rise in F� at low x is generated dynamically
by the long GLAP evolution in Q� from Q�

� to the measured values� In the four lowest Q�

bins the GRV curves lie above the measured F� values
 at higher Q� values the calculation and
data are in agreement� Recently Gl�uck et al� 	��� have drawn attention to the importance of
the treatment of the heavy quark threshold behaviour in the calculation of F� in the HERA
Q� range� In Figure �� we show as dashed curves the GRV�HO� calculations of F� for the Q�

values up to �
 GeV� and x � �
��
 modi�ed to take account of the c quark mass 	���� The
e�ect of the inclusion of heavy quark mass is to lower the GRV�HO� curve by about �
�
 which
brings the calculation closer to the ZEUS F� data�

�
�� Rise of F� at low x

In perturbative QCD F� was shown to grow faster than any power of ln���x� as x � 
 	���

and the qualitative feature of a rapid rise of structure functions at small x was anticipated by
calculations in which only valence�like distributions of partons were evolved from very small Q�

	���� Summations of the leading powers of ln���x� had also predicted the gluon distribution to
rise as xg�x
Q�� � x�n where n is of the order of 
�� 	���� To investigate more quantitatively
how rapidly F� is varying with x at small x values we have made some simple �ts to the data

��



in the Q� bins from ��� to �

 GeV�� We have tried �ts with a form

F��x
Q�� � A�Q�� �B�Q��x�n�Q
�
	� ��
�

Given the small number of data points at each Q�
 the results for the parameters are strongly
correlated unless further assumptions are made� For example
 �xing A at about 
�� �for all
Q�� gives rough agreement at large x with the values of F� from the NMC experiment 	��
�measured up to Q� of about �
 GeV��� For this �t and for �ts with �xed n we �nd acceptable
representations of the ZEUS data at Q� up to �

 GeV� with the power n in the range 
�� to

���

A compact parameterisation of the ZEUS data at all Q� values is provided by the expression�

F� � ��� x���	
��� � 
�
��x�����������log��Q
�	�� ����

This functional form has been chosen because it also gives a reasonable representation of the
data at larger x values from the NMC experiment� The parameterisation and the ZEUS F�

data are shown in Figure ���

�
�� F� and �tot���p�

Neglecting contributions from Z� exchange
 the DIS cross section can be thought of in terms of
the �ux of virtual photons times the total cross section
 �tot���p�
 for scattering of the virtual
photon on the proton 	�
�� �tot���p� is de�ned in terms of the cross sections for the scattering
of transverse and longitudinal photons
 �T and �L respectively
 by

�tot��
�p� � �T �x
Q�� � �L�x
Q��� ����

The photon �ux is well de�ned provided that the lifetime of the virtual photon is large compared
to the interaction time
 or x � ����mpRp� where mp is the mass of the proton and Rp � �
GeV�� its radius 	���� The expression for F� in terms of �T and �L is

F��x
Q�� �
Q���� x�

���

	�T�x
Q�� � �L�x
Q��� ����

provided that �m�
px

� � Q�� At small x the expression can be rewritten in terms of the total
virtual photon proton c�m� energy W �where W � � m�

p �Q����x � ��� to give

�tot��
�p� 


���


Q�
F��W
Q��� ����

The connection between F� and �tot��
�p� has been investigated by others for �xed target DIS

data
 for example 	����
We use equation �� to determine �tot���p� from the F� data given in Tables � and �� Refering

to those tables
 we note that the above condition on x is satis�ed for all x values at Q� values
up to ��� GeV�� Figure �� shows �tot���p� as a function of W from �
 to ��
 GeV for Q�

values between ��� and ��� GeV�
 the errors shown are the statistical and systematic errors
added in quadrature� At all these Q� values �tot���p� increases with increasing W 
 as could
have been inferred from the x dependence of F�� Given the size of the errors the increase is
compatible with a linear rise but other functions of W give equally good descriptions of the
trend� The magnitude of the slope
 d�tot���p��dW 
 at �xed Q� is dominated by the factor of

��



Q� in equation ����� This is shown in Figure �� where Q� 	 �tot���p� is plotted as a function
of W for the data with Q� between ��� and ��� GeV�� The data cluster along a narrow band�
However note that the bulk of the data are within a limited range of W and Q and that the
data for Q� � ��� GeV�
 satisfying the condition above on x
 lie below this band �not shown��
The rise with W is in marked contrast to that of the total cross section for real photon proton
scattering at Q� � 

 �tot��p�
 which exhibits only a slow rise between the �xed target regime
�W � �
 GeV� and the data from HERA near W � �

 GeV 	�
 ��
 ���� That total cross
sections for virtual particles might behave di�erently to those for real particles and in particular
rise rapidly with W has been considered by L opez and Yndur ain 	����

�� Summary

In this paper we have presented the F� analysis of the ZEUS ���� ep DIS data� For Q� � �

GeV� the data have been analysed using the electron and double angle methods
 which are
independent and have di�erent systematic uncertainties� The F� values from both methods
agree with each other as functions of both x and Q�� The double angle method has also been
used at the higher Q� values and we choose this method to give the ZEUS ���� F� values� The
data con�rm
 with improved precision
 the strong rise in F� as x decreases observed in the �rst
F� measurements at HERA in ����� The rise persists from the lowest Q� to values of �

 GeV��
The ZEUS F� data are in accord with logarithmic scaling violations in a new regime of low x
and high Q��

The data have been compared with recent parton distribution evaluations and we �nd that
the data are best described by those with singular gluon and sea�quark distributions at small
x
 either parameterised as such or generated dynamically� Relating F� at �xed Q� as a function
of x to the W dependence of the virtual photon proton total cross section shows that �tot��

�p�
rises faster with W than the total cross section for real photon proton scattering�
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Table �� ZEUS ���� F� results for the low Q� bins� The table contains for each bin� the ranges

of x and Q�� the values of x and Q� at which F� has been evaluated� the number of measured

events prior to corrections� the equivalent number of events from all background sources� the

FL correction and the measured F� value and its statistical and systematic errors� Section �
of the text explains in more detail how the level of background is estimated and in particular

subsection ��� explains the meaning of the di�erent upper limits given in some bins� The overall

normalization uncertainty of ���	 is not included�
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Table �� ZEUS ���� F� results for the high Q
� bins� See the caption to Table � for details of the

entries� The Z� corrections for the F� values in the highest Q� bins are as follows� Q� � �



GeV�
 �����
 �����
 �����
 ������ Q� � �


 GeV�
 ���
�
 �����
 ������ Q� � �


 GeV�
 �����

For each Q� bin the corrections are given in order of increasing x�
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Figure �� The Zvtx distribution for the DA DIS data sample �solid circles� and from the
ARIADNE Monte Carlo sample �histogram�� generated according to non�di�ractive photopro�
duction events�
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Figure �� Distributions of yJB for the DA method before the cut on yJB is applied� �a� shows the
data �solid circles� compared to the ARIADNE simulation with the MRSD�

�
PDF �histogram��

�b� the data compared to the same simulation but now reweighted to the measured F�� In both
cases the number of simulated events has been normalised to the data�
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Figure �� x �Q� plane showing the region of the kinematic peak as the shaded area bounded
by the contours corresponding to E�

e of ���	 and �
�� GeV� The vertical line is the contour for
E�

e � Ee� Lines of constant y at � and 	�	
 are also shown�
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Figure �� Distribution of the DA DIS event sample in the x� Q� plane� Also shown are lines
of constant y at � and 	�	�� the bins in which F� is measured and the regions where data from
�xed target experiments exist�

�	



1

10

10 2

10 3

10 4

10 5

10
-5

10
-4

10
-3

10
-2

10
-1

1

Figure �� Overall DIS event selection acceptance �percent� in the selected x�Q� bins�
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Figure �� Distributions of the primary measured quantities and the kinematic variables for the
DA DIS sample in the selected bins� �a� ��e� �b� �H� �c� Q

�

DA� �d� xDA� The data �solid circles�
are compared to the ARIADNE simulation �histogram�� adjusted to our measured F� values�
The number of simulated events is normalised to the data�
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Figure �� Distributions of the primary measured quantities and the kinematic variables for the
electron DIS sample in the selected bins� �a� E�

e corrected� �b� �
�

e� �c� xe� �d� Q
�

e� The data
�solid circles� are compared to the ARIADNE Monte Carlo event sample adjusted to �t the
measured F� and normalised to the data �histogram��
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Figure 	� The distribution of � for the DA DIS sample before the cut at 
� GeV is applied
�triangles�� together with tagged photoproduction �solid circles� and beam�gas background
�open squares� events satisfying the DIS event selection cuts� The full curve is a �t to all
the data and the dash�dotted histogram the function used in the �t to describe the combined
background � see section 
�� for more details�
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Figure 
� Example of a �t to the � distribution in one x� Q� bin showing how the photopro�
duction background is estimated� In the �gure DIS refers to the DIS signal and PHP to the
photoproduction background�
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Figure ��� The di�erential cross section of E� for DIS events in which a hard initial state
radiative photon is measured in the luminosity gamma detector� The data is shown as �solid
circles� and is compared to an absolute prediction of the HERACLES Monte Carlo simulation
�histogram� with Q�

h � � GeV��
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ZEUS DA Relative Systematic Errors
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Figure ��� Relative systematic errors in percent plotted as functions of y for the DA F� values
in the Q� bins between ��� and ��	 GeV�� �A� Electron �nding and background subtraction
errors� �B� Electron angle errors� �C� Errors associated with �H and the yJB cut� �D� Final
state description and unfolding errors� �E� FL correction errors� �F� The total systematic error�
Open circles indicate that the systematic error �or component� is smaller than the statistical
error and solid circles the opposite case� Full details of the error determination are given in
section ������
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ZEUS 1993 F2
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Figure ��� F� values from the DA �solid circles� and electron �stars� methods plotted as func�
tions of x for Q� values between ��� and �� GeV�� The inner error bar shows the statistical
error and the full bar the statistical and systematic errors added in quadrature� The overall
normalisation uncertainty of 
��� is not included� Note that for clarity of presentation the
electron points have been plotted at x values shifted by ��� to lower values �leftwards��
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Figure ��� ZEUS ���
 �nal F� values �solid circles� plotted as functions of x at �xed Q� and
compared to the following recent PDF calculations� MRSD�

�
�full curve�� MRSD�

�
�dashed

curve�� CTEQ�D� �dash�dotted curve� and MRSA �dotted�� The inner error bar shows the
statistical error and the full bar the statistical and systematic errors added in quadrature� Q�

is measured in GeV�� The overall normalisation uncertainty of 
��� is not included�

��



ZEUS 1993 F2

0

1

2F
2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

0

1

2

10 10
2

10
3

10
4

Q 2  (GeV 2 )

Figure ��� ZEUS ���
 F� data plotted as functions of Q� at �xed x� together with MRSD�

�

�full curve� and MRSD�

�
�dashed curve� calculations � note the broken vertical scale�
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Figure ��� ZEUS ���
 values for F� plotted as functions of Q� at �xed x� showing the slopes
of F� as functions of Q� more clearly� The inner error bar shows the statistical error and the
full bar the statistical and systematic errors added in quadrature� The overall normalisation
uncertainty of 
��� is not included�
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Figure ��� The ZEUS ���
 F� data at �xed Q�� The full curve shows the GRV�HO� PDF
calculation� For the �rst six Q� values the dashed curve shows the GRV�HO� calculation for
x � ���� modi�ed to take account of the �nite mass of the c quark� Q� is measured in GeV��
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Figure ��� The ZEUS ���
 F� data compared to the compact parameterisation of equation
���� of the text� Q� is measured in GeV��
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Figure �	� The virtual photon proton total cross section ����p
 as a function of W for the Q�

values between ��� and ��� GeV�� calculated as described in section �	�
 of the text�
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Figure �
� Q�
�����p
 as a function ofW for the Q� values between ��� and �� GeV�� calculated

as described in section �	�
 of the text�
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