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Abstract:

A measurement of the proton structure function F

2

(x;Q

2

) is presented with about

1000 neutral current deep inelastic scattering events for Bjorken x in the range

x ' 10

�2

� 10

�4

and Q

2

> 5 GeV

2

. The measurement is based on an integrated

luminosity of 22.5 nb

�1

recorded by the H1 detector in the �rst year of HERA ope-

ration. The structure function F

2

(x;Q

2

) shows a signi�cant rise with decreasing x.

to be submitted to Nucl.Phys.B
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1 Introduction

Deep inelastic lepton { nucleon scattering experiments have provided a remarkable insight into

the structure of matter at small distances. The discovery of the partonic structure of nucleons

in the late sixties [1] and the subsequent observation of violation of Bjorken scaling laid solid

foundations for Quantum Chromodynamics, the theory of strong interactions of quarks and

gluons. At the electron { proton collider HERA, in which 26.7 GeV electrons collide with 820

GeV protons, deep inelastic scattering o� proton constituents carrying a very small fraction x

of the proton momentum can be studied. Furthermore the proton structure will be probed at

10 times smaller distances than previously accessible.

In this paper we present a measurement of the proton structure function F

2

(x;Q

2

) at low

x obtained from the analysis of neutral current deep inelastic scattering data collected with

the H1 detector [2] in 1992, the �rst year of data taking at HERA. The data correspond to an

integrated luminosity of 22.5 nb

�1

. Preliminary results on F

2

from the H1 collaboration have

been presented earlier [3]. Recently, the ZEUS collaboration has presented an F

2

measurement

[4]. Our �rst measurement of neutral current cross sections based on a luminosity of 1.3 nb

�1

was published in [5].

The kinematics of the inclusive deep inelastic scattering process ep! eX at �xed centre of

mass energy,

p

s, is determined by two independent Lorentz invariant variables, conventionally

chosen to be two of Bjorken x, momentum transfer Q

2

and y. The H1 experiment at HERA

measures both the scattered electron and the hadronic �nal state, thus the collision kinematics

can be determined from electron variables, hadron variables or a mixture of both. This novel

feature of HERA experiments, compared to those operated in the �xed target mode, allows

a more precise measurement and provides an important cross-check of systematic e�ects. In

addition, the cross section measurements using electron or hadron variables have a di�erent

sensitivity to the processes of real photon emission from the incoming and scattered electron.

This allows to control experimentally the size of the radiative corrections. In the analysis

presented in this paper the scaling variable y is determined in two ways. The �rst method uses

the energy, E

0

e

, and the polar angle, �

e

, of the scattered electron measured relative to the proton

beam direction,

y

e

= 1� (E

0

e

=E

e

) sin

2

(�

e

=2); (1)

where E

e

is the energy of the incident electron. The second method determines y from the

hadrons using the relation [6]

y

h

=

X

hadrons

E

h

� p

z;h

2E

e

; (2)

where E

h

is the energy of a hadron and p

z;h

its momentum component along the incident proton

direction. For an ideal 4� hermetic detector and, in the absence of real photon radiation by

the incoming and scattered electron, the two y measurements are equivalent. The kinematical

variable Q

2

is determined from the electron variables �

e

and E

0

e

as

Q

2

e

= 4E

e

E

0

e

cos

2

(�

e

=2); (3)

and x is determined either from the electron variables

x

e

= Q

2

e

=(sy

e

); (4)

or, by using a mixture of the hadron measurement of y and the electron measurement of Q

2

x

m

= Q

2

e

=(sy

h

): (5)
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The centre of mass energy squared s is given by s = 4E

e

E

p

where E

p

is the incident proton

energy.

The Q

2

resolution is dominated by the electron energy resolution and is better than 10%

in our acceptance region. The y

e

resolution is better than 10% at large y

e

( y

e

' 0:5) but

deteriorates rapidly ( �y

e

=y

e

� 1=y

e

) at low y

e

. The y

h

resolution, on the contrary, is better

than 20% at low y

h

(y

h

' 0:02) but is worse than the y

e

resolution for y

h

> 0:3. Therefore it is

advantageous to use the y

e

measurement at large y and the y

h

measurement at low y.

At HERA, where s = 87 600 GeV

2

, for the �rst time values of x = Q

2

=ys in the range

x ' 10

�2

� 10

�4

can be measured in the deep inelastic regime (Q

2

> 5 GeV

2

). The x shape

and Q

2

dependence of F

2

in this x range cannot be reliably predicted by extrapolating present

�xed target data. Available parametrizations for the low x region rely on model assumptions

such as a 'Regge type behaviour' of the parton distributions corresponding to a 
at F

2

at small

x, or alternatively, a 'Lipatov behaviour' [7] corresponding to a strong rise of F

2

at small x. If

F

2

(x;Q

2

) grows su�ciently fast at low x, HERA will allow to test QCD in the domain of high

parton densities and small �

s

(Q

2

) << 1 coupling, where the standard linear QCD evolution

equations are expected to fail, leading eventually to a breakdown of the parton picture [8].

The measurement of F

2

at low x is �nally an important ingredient for the interpretation of

hard collisions at future hadron colliders both for pp and heavy ion collisions.

2 The H1 detector

A detailed description of the H1 detector and its performance can be found in [2]. Below we

shall discuss only those aspects which are relevant for the structure function measurement.

In this analysis we restrict ourselves to the low x domain and 5 GeV

2

< Q

2

< 80 GeV

2

; the

measurement of F

2

in the high Q

2

region will be reported in a future publication. In the Q

2

region

considered the scattered electrons are detected in the backward electromagnetic calorimeter

(BEMC). The BEMC is made of 88 lead/scintillator sandwich stacks, each with a depth of 22

radiation lengths, corresponding to about one interaction length. The quadratic stacks, covering

the angular range of 160

0

< �

e

< 172:5

0

, have a transverse dimension of 16 by 16 cm

2

. Two

pairs of 8 cm wavelength shifter bars cover opposite sides of these stacks. A 1.5 cm space

resolution for the reconstructed centre of gravity of an electromagnetic cluster is achieved owing

to an independent photodiode readout of each wavelength shifter. The systematic uncertainty

on F

2

strongly depends on the absolute calibration of this detector, and on the knowledge of

its resolution. The relative calibration of the BEMC stacks and the energy dependent terms

of its resolution are determined from test beam measurements. The absolute energy scale and

the constant term of the BEMC resolution are determined using deep inelastic scattering events

exploiting the redundancy in the measurement of the kinematical variables. The measured

electron energy in the BEMC is compared with the one determined from the angle of the hadronic

system and the electron angle. From these studies we conclude that the energy scale of the BEMC

is known to 2 % and its resolution is described by �(E

0

e

)=E

0

e

= 0:1=

p

E

0

e

� 0:42=E

0

e

� 0:03, where

E

0

e

is in GeV .

Charged particle tracks are measured in two concentric jet drift chamber modules (CJC)

of angular acceptance 15

o

� 165

o

. A superconducting coil provides a uniform magnetic �eld of

1.15 T in the tracking region which allows the determination of charged particle momenta. Due

to the limited angular acceptance of these chambers the majority of electrons scattered with

Q

2

< 80 GeV

2

leave no track in the CJC. The polar angle �

e

is calculated from the position

of the reconstructed event vertex and a reconstructed space point in the backward proportional

chamber (BPC). The BPC has 4 wire planes and an angular acceptance of 155:5

o

� 174:5

o

. The
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vertex position is determined on an event by event basis, from at least one track reconstructed in

the CJC, originating from the interaction region. The accuracy of the polar angle measurement

has been derived from studies of a subsample of events in which the electron track has been

reconstructed in the CJC and is found to be better than 5 mrad.

The hadron energies are measured in the highly segmented liquid argon calorimeter (LAr) [9],

the BEMC and the instrumented iron backing calorimeter. The LAr calorimeter consists of an

electromagnetic section with lead absorber and a hadronic section with stainless steel absorber.

The total depth of the electromagnetic part varies between 20 and 30 radiation lengths whereas

the total depth of both calorimeters varies between 4.5 and 8 interaction lengths. The LAr

calorimeter covers the angular range between 4

o

and 153

o

. The calibration of the LAr calorimeter

segments has been obtained from test beam measurements using electrons and pions [2, 9, 10].

The electromagnetic energy scale is veri�ed to a 3% accuracy in the H1 detector by comparing the

measured track momentum of electrons and positrons with the corresponding energy deposition

in the calorimetric cells. The absolute scale of the hadronic energy is presently known to 7% as

determined from studies of the p

t

balance for deep inelastic scattering events.

The determination of y

h

according to relation (2) uses a combination of calorimetric measu-

rements and reconstructed charged tracks in the central region. Double counting of the energy

is avoided by masking calorimetric cells behind a track in a cylinder of 15 (25) cm in the elec-

tromagnetic (hadronic) calorimeter. The contribution of tracks to the y

h

measurement is about

40 %. This reduces the in
uence of energy scale uncertainties and improves the y

h

resolution.

Electrons and photons emitted at very small angles with respect to the incoming electron

direction are measured in an electron and a photon tagging calorimeter. These detectors are

located 33 and 103 m downstream of the interaction point and have angular acceptances below

5 mrad and 0:5 mrad, respectively. The electron and photon taggers are designed to detect

the e � 
 coincidences from the low Q

2

elastic radiative collisions e + p ! e + 
 + p, used to

measure the luminosity. The photon and electron taggers further allow us to control the size

of the radiative corrections and the size of the photoproduction background to deep inelastic

scattering, as will be discussed below.

In 1992 HERA was operated with 10 electron and 10 proton bunches, separated by 96 ns.

Nine bunches were colliding, one electron and one proton bunch { termed pilot bunches { had

no collision partner. The interaction region extends along the beam line with a �

z

' 25 cm as

determined by the length of the proton bunch.

3 Event selection and background subtraction

3.1 Selection of deep inelastic scattering candidates

The events used in this analysis are triggered by requiring a local energy deposit, or cluster,

of more than 4 GeV in the BEMC. This trigger is dominated by interactions of beam protons

with residual gas and beam line elements upstream of the H1 detector. Most of these events are

e�ciently rejected at the trigger level using a time of 
ight system (TOF) [2] consisting of two

scintillator planes installed behind the BEMC. In total we have recorded � 5 � 10

5

events which

are dominated by beam induced background and photoproduction interactions. A clean sample

of deep inelastic scattering candidates is selected o�ine by the following requirements:

1. A BEMC energy cluster is required to be associated with at least one reconstructed space

point in the BPC. The distance between the cluster centre of gravity and the BPC space

point is required to be smaller than 5 cm (about 3 � of the cluster position resolution).
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2. The lateral size of the cluster is required to be smaller than 5 cm, as expected for the

signature of an electron.

3. Events which have a large fraction of tracks pointing outside the interaction region are

rejected.

4. An event vertex, reconstructed from tracks in the central tracker, within �50 cm from the

nominal interaction point is required.

5. The missing energy, E

miss

= E

e

� (y

e

� y

h

), is required to be smaller than 11:7 GeV .

Requirements (1) and (2) de�ne the scattered electron candidate. Requirements (3) and (4)

reject beam induced background events while requirement (5) is important for the reduction of

radiative corrections and photoproduction background as will be discussed below.

Beam related background can be studied directly with proton and electron pilot bunches.

No pilot bunch event survives the �nal cuts (1){(5). A detailed study of background events

from the pilot bunches over a larger kinematic range and varying cuts gives an upper limit of

remaining beam background of at most 1% overall.

The distributions of the basic kinematical variables used in the analysis are shown in Figs. 1

and 2 and compared to a Monte Carlo which includes a full simulation of the H1 detector. Note

that the Monte Carlo calculations depend on the input structure function.

Figure 1: Distributions of a) the energy E

0

e

of the scattered electron before cuts (2) and (5)

and b) the electron scattering angle �

e

in the BEMC angular range imposing cut (2) for E

e

>

10:4 GeV . The solid histograms are the Monte Carlo predictions normalized to the integrated

luminosity of the data sample. The shaded histogram in a) is the predicted background due to

photoproduction events with a fake electron.

All Monte Carlo distributions are normalized to the integrated luminosity of our data sample,

and are based on the MRSD� parton densities [11]. The energy spectrum of the scattered

electron for deep inelastic event candidates is shown in Fig. 1a before the cluster size cut (2) and
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Figure 2: Distributions of a) the scaling variable y

h

measured with the hadrons for E

e

>

10:4 GeV and b) the ratio y

e

=y

h

for 0:05 < y < 0:3. The distributions are obtained after

the cuts (1) { (4). The solid histograms are the Monte Carlo predictions normalized to the

integrated luminosity of the data sample.

the E

miss

cut (5). A salient feature of the ep kinematics is a peak of the E

0

e

distribution near the

electron beam energy. Its shape and position are only weakly dependent on the input structure

function. The kinematic peak allows to calibrate the E

0

e

measurement with an accuracy of about

2% which represents an important cross-check of the energy calibration based on the hadron

and electron angles. Figure 1b shows the distribution of the scattering angle �

e

for the events

with the cut (2) imposed. The steep rise towards large �

e

re
ects the 1=Q

4

photon propagator

e�ect on the cross section. The y

h

distribution is shown in Fig. 2a after cuts (1) { (4). The y

e

and y

h

measurements are compared in Fig. 2b which shows the ratio y

h

=y

e

for 0:05 < y < 0:3.

As expected the distribution peaks at 1. The resolution is well described by the Monte Carlo

simulation.

The Monte Carlo events have been generated using HERACLES [12] for the electroweak

interaction, which includes �rst order radiative corrections, followed by LEPTO [13] for the

simulation of QCD processes and fragmentation. The Monte Carlo simulation with the MRSD�

parton distributions describes the distributions of Figs. 1 and 2 well. It is used in the following

for determining the geometrical acceptance and detector smearing corrections.

3.2 Photoproduction background

The most important limitation in extending the measurement domain towards high y (y > 0:6)

comes from the background of photoproduction processes. These are ep collisions at Q

2

� 0,

which outnumber by several orders of magnitude the deep inelastic collision rate. In these col-

lisions the electron is scattered at small angle and is not observed in the BEMC. However, the

hadrons produced in the collision may give rise to a signal in the BEMC, which could be mi-

sidenti�ed as that of a deep inelastically scattered electron. The size of this photoproduction
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background is determined by detailed Monte Carlo simulation studies based on PYTHIA [14]

and RAYVDM [15] 
 � p event generators, which describe hard and soft processes at Q

2

� 0,

respectively. The overall normalization and the ratio of the hard and soft contributions needed

to describe our data have been determined by studying deep inelastic event candidates, survi-

ving cuts (1) { (4), for which an electron is detected in the electron tagging calorimeter. These

events are pure 
 � p interactions. Their detection e�ciency is ' 10% due to the geometrical

acceptance of the tagging calorimeter. The Monte Carlo simulation describes the electron tag-

ged background sample well in all kinematical variables relevant for this analysis. The relative

contributions and the overall normalization are found to be in good agreement with our pho-

toproduction cross section analysis, presented in [16]. This gives us con�dence that the Monte

Carlo simulation can be applied to the full untagged data sample as well.

The predicted energy spectrum of these 
�p events with fake electron candidates is included

in Fig. 1a normalized to the total integrated luminosity. It falls rapidly with increasing energy,

E

0

e

, becoming negligible at 16 GeV . In order to reduce this background to a manageable level

we require that the cluster energy in the BEMC is larger than 10.4 GeV corresponding to y to

be less than 0.6. A signi�cant suppression of the 
 � p background is achieved by applying cut

(2) and the E

miss

cut (5). For 
 � p events, the scattered electron is missing leading to a large

value of E

miss

. The remaining photoproduction background is found to be less than 30 % at

the highest y (lowest energy E

0

e

), becoming negligible at y � 0:4. This residual contamination

is subtracted statistically.

4 Di�erential cross section

The di�erential cross sections are determined by several separate analysis chains, using di�erent

combinations of kinematical variables and di�erent unfolding procedures. They are all found to

give the same results within errors.

In this paper we present results obtained by two methods which are very di�erent with

respect to systematic uncertainties and therefore allow an important cross-check of the �nal

result. In method I, the event kinematics is calculated from the scattered electron variables E

0

e

and �

e

according to eq. (1) and (3). The acceptance, e�ciency and cross section are determined

in

p

E

0

e

; �

e

bins which match the resolution and geometrical acceptance of the detector. The

calculated cross sections in these detector oriented bins are then transformed to cross sections

in x

e

and Q

2

e

. In method II, bins in the variables x

m

, eq. (5), and Q

2

e

are used directly for cross

section, acceptance and e�ciency calculations. Method I extends the accessible range to large

y, method II to low y.

4.1 Kinematical domain

The kinematical region in which the measurement is made is de�ned by the following boundaries:

E

0

e

> 10:4 GeV and 160:0

o

< �

e

< 172:5

o

. The angular cuts ensure full containment of the

electron shower in the BEMC calorimeter. Method II is restricted to the region x

m

< 0:02 and

y

h

< 0:3. These limits ensure that a large fraction of the energy of the produced quark jet is

contained in the LAr calorimeter.

4.2 E�ciency of event selection

The e�ciencies of the cuts used to select the �nal data sample are determined directly from

the data. The uncertainties in the following e�ciencies contribute to the overall normalization

error:
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� The e�ciency of the BEMC electron trigger. The trigger is fully e�cient for electrons of

energies larger than 10 GeV .

� The TOF-veto requirement. Losses due to false TOF vetoing of genuine deep inelastic

events amount to 4� 3%.

� Losses of deep inelastic events by cut (4) on the position of the reconstructed vertex amount

to 10� 2%.

The above contributions, together with a luminosity uncertainty of 7% [16] lead to a global

normalization uncertainty of 8%.

The following e�ciencies are found to depend on the kinematical variables:

� The e�ciency of selecting electron candidates (cut (1) and (2)) amounts to 86� 5% at the

highest energies. At the lowest energy it decreases to 77� 7%.

� The event selection e�ciency resulting from cut (3) amounts to 92� 3% for events with a

reconstructed vertex and varies weakly with the electron energy and angle.

� The e�ciency for reconstructing the interaction vertex (cut (4)) is determined to be 93�6%

at lower angles and drops to 79� 6% for the larger angles in the region E

0

e

< 25 GeV .

� The e�ciency of cut (5) on E

miss

. This cut rejects radiative deep inelastic scattering

events in which a hard photon is emitted in the direction of the incoming electron, see

section 5.

4.3 Detector acceptance and resolution e�ects

Acceptance and smearing corrections are determined from detailed simulation of large event

samples. Several di�erent assumptions on input parton densities are used including those pre-

dicting a steep rise at low x ( MRSD�) as well as those predicting a slow increase ( MRSD0).

In method I three equidistant �

e

bins and eight equidistant bins in

p

E

0

e

, matching the energy

dependence of the BEMC resolution, are used. In method II three Q

2

bins and four x bins per

decade are chosen. The choice of large bin sizes in both methods is determined by the limited

statistics of the data rather than by resolution considerations. As a result smearing corrections

are less than 10% everywhere. No signi�cant systematic dependence of the acceptance correcti-

ons upon the assumed form of the input parton densities is observed. The residual di�erences

are included in the systematic errors of the data points. The measured di�erential cross sections

are extrapolated to the centre of each bin using the MRSD� parametrization of parton densities.

The corrections are below 10 % and do not depend signi�cantly on the exact shape of F

2

.

5 Radiative corrections

The measured di�erential cross section, d

2

�

meas

=dxdQ

2

contains contributions from higher order

electroweak processes, but for Q

2

<< M

2

Z

only electromagnetic radiative processes are relevant.

Since the structure functions are de�ned in the Born approximation, radiative corrections to

d

2

�

meas

=dxdQ

2

have to be calculated and applied prior to the extraction of F

2

. These corrections

are traditionally expressed by �(x;Q

2

) de�ned by the equation

�

meas

=�

Born

= (1 + �): (6)
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Figure 3: Distribution of the photon energy E




for deep inelastic events with collinear brems-

strahlung as measured in the photon tagging calorimeter (full points) compared to the Monte

Carlo prediction, normalized to the integrated luminosity of the data sample.

Di�erent programs to calculate the radiative corrections are available. We used the numerical

program TERAD91 [17] and the Monte Carlo programs HERACLES [12] and LESKO [18] which

are found to agree within the statistical accuracy of the Monte Carlo simulation.

The radiative corrections to the cross section measured by the electron variables, �

e

(x

e

; Q

2

e

),

are sensitive to the shape of the parton distributions in the unaccessible kinematical domain

for Q

2

< 5 GeV

2

and could exceed 100 % [19]. The corrections are dominated by hard photon

emission in a direction close to that of the incident electron. A fraction of these hard photons can

be observed in the photon tagger. In Fig. 3 the measured energy distribution of radiative photons

with E




> 7 GeV is compared with the prediction of the HERACLES program normalized to

the integrated luminosity of our data sample. Good agreement is observed both in shape and

magnitude, providing an important check of the theoretical calculation of the corresponding

radiative corrections.

The size of the radiative corrections is signi�cantly reduced by the E

miss

cut which eliminates

events with hard initial state collinear bremsstrahlung with E




> 11:7 GeV . In addition, low

hadronic mass Compton events [20] are eliminated by the requirement of a reconstructed vertex.

Collinear �nal state radiation photons are not resolved in our calorimetric measurement of the

scattered electron, leading to a further reduction of the corrections. The radiative corrections

of method I are calculated using the event generator HERACLES and its interface to the frag-

mentation program LEPTO. The resulting radiative corrections for the selected data sample are

small (<10 %) and almost insensitive to the assumed form of the parton distributions. We have

veri�ed, using the LESKO program, that the contribution of the processes with multiple photon

emission to the radiative corrections can be neglected in the measured kinematical domain.

The corrections for the cross section measured in terms of the mixed variables �

m

(x

m

; Q

2

e

),

are calculated using the TERAD91 program and are found to be smaller than 8 %. In method
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II we have not imposed the E

miss

cut which would reduce the amount of radiative corrections

even further.

6 The structure function F

2

(x;Q

2

)

The Born cross section for deep inelastic electron scattering o� a proton can be expressed in

terms of the structure function F

2

and the photoabsorbtion cross section ratio of longitudinally

and transversely polarised photons, R = �

L

=�

T

:

d

2

�

dxdQ

2

=

2��

2

Q

4

x

 

2 (1� y) +

y

2

1 +R

!

F

2

(x;Q

2

); (7)

for Q

2

<< M

2

Z

. The ratio R(x;Q

2

) has not yet been measured at HERA. Therefore, in order

to extract F

2

(x;Q

2

) from the measured di�erential cross section, an assumption on R has to be

made. We have chosen R values calculated according to the QCD prescription [21] using the

MRSD� parton distributions. Note that R contributes to the di�erential cross section mainly

in the high y region. In the region of our measurement the chosen R values reduce the cross

section by at most 8 % w.r.t. assuming R = 0.

The binning for the F

2

(x;Q

2

) measurement presented in this paper is optimized for studying

the x-dependence at �xed values ofQ

2

. We present the data in four di�erent Q

2

bins, with values

of 8.5, 15, 30 and 60 GeV

2

. At Q

2

= 8:5 GeV

2

, only the low x (large y) domain is accessible

due to the limited angular acceptance of the BEMC. In this region the F

2

measurement comes

solely from the electron measurement (method I). At Q

2

= 60 GeV

2

, the high x (low y) domain

is measured, where the results based on the mixed (x

m

; Q

2

e

) variables (method II) are more

accurate than the electron measurement. For the two intermediate Q

2

values a meaningful

comparison can be made between the two methods.

The rapidly deteriorating resolution in y

e

with decreasing y

e

, prevents accurate measurements

of F

2

at large x with �ne binning. Nevertheless, one can assign all events with y

e

< 0:06 to

one single bin, for which e�ciencies and acceptances can be determined reliably. Events in this

region have x

e

values in the range 6 � 10

�3

< x

e

< 1, largely overlapping with the existing lower

energy muon proton data. We use the measured shape of F

2

from lower energy muon proton

data to calculate the average x value of this bin. In this way, a point at high x is obtained for

the two Q

2

bins at 15 and 30 GeV

2

, which links directly to the low energy data.

The calculation of the systematic errors on F

2

includes the following contributions:

� Possible shifts of the electron energy scale by 2%. This a�ects mostly method I giving rise

to a 20 % error at large x, decreasing rapidly towards lower x to 4%. In method II, these

errors do not exceed 6 %.

� Uncertainty in the BEMC energy resolution of 2%, a�ecting mostly method I, and yielding

errors of up to 6 % in the large x region.

� Uncertainty in the measurement of y

h

, a�ecting method II only. This includes the frag-

mentation model dependence, an absolute scale uncertainty of the hadronic energy measu-

rement in the LAr calorimeter of 7 %, and e�ects resulting from the treatment of noise in

the calorimeter. The corresponding error varies between 10% and 25%. The largest error

occurs at low x.

� Possible shifts of �

e

by 5 mrad giving rise to errors of up to 8 % for both methods.

� Uncertainty in the event selection e�ciency (section 4.2) leading to an error of about 10%.
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� Uncertainty in the electron and proton beam induced background (4 % for the lowest x

value).

� Uncertainty in the photoproduction contamination giving rise to an error of up to 10 %

for the four lowest x points.

� Uncertainty in the detector acceptance calculation due to the assumed form of the input

parton distributions, giving rise to at most a 10 % error.

� Uncertainty in the size of the radiative corrections giving rise to an error of up to 8 %, for

method I, and up to 3 % for method II.

� Uncertainty in the bin centre correction giving rise to errors of up to 5 %.

� Global 8% normalization uncertainty as discussed in section 4.2.

The F

2

measurements of method I and II are presented in Fig. 4 for two Q

2

values, together

with data points from the NMC [22] and BCDMS [23] �xed target muon proton scattering

experiments. The statistical and point dependent systematic errors are added in quadrature.

The global systematic error of 8% is not shown in the �gure. The results of method I and of

method II, which are to a large extent subject to di�erent systematic e�ects, are found to be in

good agreement. The high x data points agree well with the available measurements from �xed

target experiments giving us an independent cross-check of the absolute normalization with an

accuracy of � 20%.

A unique F

2

in the full range of x and Q

2

is obtained by taking the systematically more

accurate F

2

values. The �nal data sample comprises 1026 events. Double counting of events is

avoided. Our �nal results on F

2

are summarized in Table 1, together with the R values used in

this analysis. The systematic errors for the data points range from 15% to 22%. They include

neither the 8% global normalization uncertainty, nor the e�ect on F

2

due to the uncertainty of

R. A substantial reduction of these errors will be possible in future as more statistics becomes

available.

In studying the hadronic �nal state of the deep inelastic events, we found that the majority

of events with the produced quark jet at large angle have a signi�cant energy 
ow at smaller

angles (in the proton direction). This energy 
ow is described by models which include proton

remnant fragmentation, initial state radiation and colour string e�ects [24]. However, a fraction

of events shows no signi�cant energy deposit outside of the produced quark jet region. The

same observation has recently been made by the ZEUS collaboration [25]. The maximum pseu-

dorapidity, � = � ln(tan�=2), for energy clusters measured in our calorimeter is 3:8. A class of

'rapidity gap' events is de�ned by asking that no energy cluster with E

clust

> 400MeV is found

for � > 1:8. In our deep inelastic sample we �nd 6% of rapidity gap events while the Monte

Carlo calculation [13] predicts only 0.1%. These events are included in the F

2

measurement. A

speci�c study shows that their fraction { within the limited statistics { does not depend signi-

�cantly on x and Q

2

. Thus they play no special role for the rise of F

2

at small x. It will be

interesting to study them in detail, since they may be linked to hard di�raction [26] possibly

giving information on the Pomeron structure function.

7 Discussion

The x dependence of F

2

is shown in Fig. 5 for the four Q

2

values. We observe a clear rise of

F

2

with decreasing x. Such a rise is not expected from Regge parton models. On the contrary

linear evolution equations in perturbative QCD predict a fast growth of the gluon density in
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Figure 4: Measurement of F

2

(x;Q

2

) for two values of Q

2

. The full circles correspond to method

I (electron measurement), while the open circles correspond to method II (mixed variable mea-

surement). The error bars show statistical and total errors obtained by adding the statistical

and systematic errors in quadrature. In addition all points have a normalization uncertainty of

8%. Data points of the �xed target muon proton scattering experiments NMC and BCDMS are

shown for comparison.
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Q

2

=GeV

2

x y F

2

�

stat

�

syst

R

0.00018 0.54 1.43 � 0.52 0.30 0.43 0.42

8.5 0.00024 0.40 1.62 � 0.39 0.25 0.30 0.39

0.00032 0.30 1.28 � 0.27 0.18 0.20 0.36

0.00043 0.40 1.56 � 0.36 0.19 0.30 0.34

0.00063 0.27 1.13 � 0.24 0.14 0.19 0.32

0.00100 0.17 1.30 � 0.27 0.11 0.25 0.30

15 0.00237 0.072 0.87 � 0.19 0.10 0.16 0.28

0.00421 0.041 0.78 � 0.19 0.10 0.16 0.26

0.00750 0.023 0.71 � 0.18 0.10 0.15 0.23

0.01334 0.013 0.46 � 0.15 0.09 0.12 0.20

0.00060 0.57 2.35 � 0.77 0.37 0.67 0.28

0.00096 0.35 1.43 � 0.44 0.32 0.30 0.27

0.00138 0.25 1.19 � 0.33 0.25 0.22 0.25

30 0.00237 0.14 1.03 � 0.25 0.12 0.22 0.24

0.00421 0.081 0.92 � 0.20 0.11 0.17 0.22

0.00750 0.046 0.62 � 0.15 0.09 0.12 0.20

0.01334 0.026 0.63 � 0.18 0.11 0.14 0.17

0.00237 0.29 1.50 � 0.52 0.31 0.43 0.21

60 0.00421 0.16 0.92 � 0.28 0.19 0.21 0.20

0.00750 0.091 1.34 � 0.36 0.20 0.30 0.18

0.01334 0.051 0.67 � 0.21 0.14 0.15 0.15

Table 1: The proton structure function F

2

(x;Q

2

) as measured in the present experiment. The

errors do not include an overall normalization uncertainty of 8%. The statistical (�

stat

) and

systematic (�

syst

) errors are quoted separately. The last column gives the value of R = �

L

=�

T

used to evaluate F

2

. The uncertainty due to R is not included in the errors since F

2

can be

reevaluated from this table as soon as better information on R becomes available.
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Figure 5: The measured structure function F

2

(x;Q

2

) for di�erent values of Q

2

, compared to

several structure function parametrizations which are �tted to recent low energy data, described

in the text. The error bars show statistical and total errors obtained by adding the statistical

and systematic errors in quadrature. In addition all points have a normalization uncertainty of

8%.
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the proton in the asymptotic limit x ! 0. An evolution equation derived by Kuraev, Fadin

and Lipatov [7], particularly adapted to study the small x region, predicts a characteristic x

��

behaviour of the gluon density at small x, with � � 0:5. Since in this low-x regime the gluon is

expected to drive the sea quark distribution, a similar x dependence could be expected for F

2

.

It is however a priori not known at which x value the onset of the Lipatov behaviour should

become visible. In any case, it is exciting to see F

2

rise at small x, since interesting QCD e�ects,

such as screening and saturation, may become detectable at HERA. The Q

2

dependence of F

2

is shown in Fig. 6 for Q

2

> 10 GeV

2

. For constant values of x, F

2

increases slowly with Q

2

as

could be expected from perturbative QCD.

Various parton density parametrizations exist, which result from �ts to mainly low energy

deep inelastic scattering data. Due to the absence of experimental data prior to the HERA

results, these parametrizations generally make assumptions on the behaviour of the parton

densities at x values below 10

�2

. Some examples of F

2

structure functions calculated for di�erent

parton density parametrizations are shown in Figs. 5 and 6. For the MRSD[27] parametrizations

the small x evolution of the gluon density (at Q

2

0

= 4 GeV ) is singular (Lipatov behaviour) �

x

�0:5

for MRSD�

0

and constant for MRSD0

0

. Similarly, for the CTEQ1MS[28] parametrization

the gluon density is singular, but the sea quark distribution is not strongly coupled to the gluon

density, leading to a slower rise of F

2

with decreasing x. For the GRV[29] parametrization

small x partons are radiatively generated according to the Altarelli-Parisi equations, starting

from \valence like" quark and gluon distributions at Q

2

0

= 0:3 GeV

2

. The parametrization of

Donnachie and Landsho� (DOLA) [30] is a Regge theory motivated �t, which is applicable for

Q

2

values up to about 10 GeV

2

.

These parametrizations, which all describe the existing low energy �xed target data give F

2

values at x ' 10

�4

which di�er by more than a factor 4. Our data are consistent with the

GRV and also the MRSD�

0

parametrizations. The present measurement narrows the possible

range of parton densities at low x substantially, giving a much better basis to predict hard

scattering processes at high energy pp and heavy ion colliders. Moreover, it gives guidelines for

the development of a better theoretical description of the low x region.
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Figure 6: The measured structure function F

2

(x;Q

2

) for di�erent values of x, compared to

several structure function parametrizations which are �tted to recent low energy data, described

in the text. Notice that the �gure does not display the lowest x data points, table 1, as these are

available only at one value of Q

2

= 8:5 GeV

2

. The error bars show statistical and total errors

obtained by adding the statistical and systematic errors in quadrature. In addition all points

have a normalization uncertainty of 8%.
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