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A measurementof theproton structurefunction F
2(x, Q

2) is presentedwith about1000
neutralcurrentdeep inelastic scatteringeventsfor Bjorken x in the rangex 102 —

and Q2 > 5 GeY2. The measurementis basedon an integratedluminosity of 22.5 nb’
recordedby the Hi detectorin the first year of HERA operation.The structurefunction
F

2 (x, Q
2) shows a significant risewith decreasingx.
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1. Introduction

Deepinelasticlepton—nucleonscatteringexperimentshaveprovidedaremark-

ableinsight into the structureof matterat smalldistances.The discoveryof the
partonicstructureof nucleonsin the latesixties [1] andthesubsequentobserva-
tion ofviolation of Bjorkenscalinglaid solid foundationsfor QuantumChromo-
dynamics,thetheoryof stronginteractionsof quarksandgluons.At theelectron—
proton collider HERA, in which 26.7GeV electronscollidewith 820GeV pro-
tons,deepinelasticscatteringoff protonconstituentscarryinga verysmall frac-
tion x oftheprotonmomentumcanbestudied.Furthermoretheprotonstructure
will be probedat 10 timessmallerdistancesthanpreviouslyaccessible.

In this paper we presenta measurementof the proton structurefunction
F2 (x, Q

2) atlow x obtainedfrom the analysisof neutralcurrentdeepinelastic
scatteringdatacollectedwith the Hi detector [2] in 1992,the first yearof data
taking atHERA. The datacorrespondto anintegratedluminosity of 22.5nb~.
Preliminaryresultson F

2 from the Hi collaborationhavebeenpresentedearlier
[3]. Recently,the ZEUS collaborationhaspresentedan F2 measurement[41.
Our first measurementof neutralcurrentcrosssectionsbasedon aluminosity
of 1.3 nb’ waspublishedin ref. [5].

The kinematicsof the inclusive deepinelastic scatteringprocessep —p eX
atfixed centre-of-massenergy,~ is determinedby two independentLorentz-
invariant variables,conventionallychosento be two of Bjorkenx, momentum
transferQ

2 and y. The Hi experimentat HERA measuresboth the scattered
electronand the hadronicfinal state,thusthe collision kinematicscanbe de-
termined from electronvariables,hadronvariablesor amixture of both. This

novel featureof HERA experiments,comparedto thoseoperatedin the fixed-
target mode, allows a more precise measurementandprovidesan important
cross-checkof systematiceffects. In addition, the crosssectionmeasurements
using electronor hadronvariableshavea differentsensitivity to the processes
of real photonemissionfrom the incomingandscatteredelectron.This allows
to control experimentallythe size of the radiativecorrections.In the analysis
presentedin this paperthe scaling variabley is determinedin two ways. The
first methodusesthe energy,E~,andthe polarangle,°e,ofthe scatteredelectron

Deceased,
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measuredrelativeto theprotonbeamdirection,

Ye = 1— (E~/Ee) Sin
2 (Oe/2), (1)

whereEe is the energyof the incidentelectron.The secondmethoddetermines
y from the hadronsusingtherelation [6]

Yh = ~ Eh—pZ,h (2)
hadrons

whereEh is the energyof a hadronandPz,h its momentumcomponentalong
the incident proton direction.For an ideal 4ir hermeticdetectorand, in the
absenceof real photon radiationby the incoming andscatteredelectron,the
two Y measurementsareequivalent.The kinematicalvariableQ2 is determined
from the electronvariables0e andE~as

Q~= 4EeE~cos2(Oe/2), (3)

andx is determinedeither from the electronvariables

Xe = Qe2/(lYe), (4)

or, by usingamixtureof the hadronmeasurementof ~‘ andthe electronmea-
surementof Q2

Xm = Q~2/(5Y~). (5)

The centre-of-massenergysquareds is given by s = 4EeEp,whereE~is the
incident protonenergy.

The Q2 resolutionis dominatedby theelectronenergyresolutionandisbetter
than10%in ouracceptanceregion.TheYe resolutionisbetterthan10%atlargeYe

(Ye ~ 0.5) but deterioratesrapidly (öYe/Ye “s i/Ye) atlow Ye. The Yh resolution,
on the contrary,isbetterthan20% atlow Yh (Yh 0.02)but isworsethantheYe
resolutionfor Yh> 0.3. Thereforeit is advantageousto usethe Ye measurement
at largey andthe Yh measurementatlow Y.

At HERA, wheres = 87600GeV2,for the first time valuesof X = Q2/Ysin
the rangeX ~ 10_2 — l0” canbe measuredin the deepinelasticregime (Q2 >

5 GeV~).Thex shapeandQ2 dependenceof F
2 in thisx rangecannotbereliably

predictedby extrapolatingpresentfixed-targetdata.Availableparametrizations
for thelow-X regionrely onmodelassumptionssuchasa“Regge-typebehaviour”
of thepartondistributionscorrespondingto a flat F2 atsmallx, or alternatively,
a “Lipatov behaviour” [7] correspondingto a strongrise of F2 at small X. If
F2 (x, Q

2) grows sufficiently fast at low x, HERA will allow to test QCD in
the domainof high partondensitiesandsmalla~(Q2) << 1 coupling,wherethe
standardlinearQCD evolutionequationsareexpectedto fail, leadingeventually
to abreakdownof the partonpicture [8].

ThemeasurementofF
2atlowx is finally an importantingredientfor theinter-

pretationof hardcollisionsatfuture hadroncollidersbothfor pp andheavy-ion
collisions.
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2. The Hi detector

A detaileddescriptionof theHi detectorandits performancecanbe found
in ref. [2]. Below we shalldiscussonly thoseaspectswhich are relevantfor the
structurefunctionmeasurement.

In thisanalysiswe restrictourselvesto the low-x domainand5 GeV2 < Q2 <

80GeV2themeasurementofF
2 in thehigh-Q

2regionwill bereportedinafuture
publication.In the Q2 region consideredthe scatteredelectronsaredetectedin
the backwardelectromagneticcalorimeter(BEMC). The BEMC is madeof 88
lead/scintillatorsandwichstacks,eachwith a depthof 22 radiation lengths,
correspondingto aboutoneinteractionlength. The quadraticstacks,covering
the angularrangeof 160°< °e< 172.5°,haveatransversedimensionof 16 by
16 cm2.Two pairsof 8 cmwavelengthshifterbars coveroppositesidesof these
stacks.A 1.5cm spaceresolution for the reconstructedcentre-of-gravityof an
electromagneticclusterisachievedowing to anindependentphotodiodereadout
ofeachwavelengthshifter.ThesystematicuncertaintyonF

2 stronglydependson
the absolutecalibrationof thisdetector,andon the knowledgeof its resolution.
The relativecalibrationof the BEMC stacksandthe energy-dependenttermsof
its resolutionaredeterminedfromtestbeammeasurements.Theabsoluteenergy
scaleandthe constantterm of the BEMC resolutionaredeterminedusingdeep
inelasticscatteringeventsexploiting the redundancyin the measurementof the
kinematicalvariables.The measuredelectronenergyin the BEMC is compared
with the onedeterminedfrom the angleof thehadronicsystemandthe electron
angle.From thesestudieswe concludethat the energyscaleof the BEMC is
knownto 2% andits resolutionis describedby

= 0.i/~~0.42/E~e10.03,

whereE~is in GeV.
Charged-particletracksaremeasuredin twoconcentricjet-drift chambermod-

ules(CJC) of angularacceptancel5°—165°.A superconductingcoil providesa
uniformmagneticfield of 1.15T in the tracking region whichallows the deter-
minationof charged-particlemomenta.Due to the limited angularacceptance
of thesechambersthe majorityof electronsscatteredwith Q

2 < 80GeV2 leave
no trackin the CJC. The polar angle0e is calculatedfrom theposition of the
reconstructedeventvertex anda reconstructedspacepoint in the backward
proportionalchamber(BPC). The BPC hasfour wire planesandan angular
acceptanceof l55.5°—174.5°.The vertexpositionis determinedon an eventby
eventbasis,from at leastonetrackreconstructedin the CJC, originatingfrom
the interactionregion. The accuracyof the polar-anglemeasurementhasbeen
derivedfrom studiesof a subsampleof eventsin which the electrontrackhas
beenreconstructedin the CJC andis foundto be betterthan5 mrad.

Thehadronenergiesaremeasuredin thehighly segmentedliquid argoncalor-
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imeter (LAr) [9], the BEMC andthe instrumentediron backingcalorimeter.
The LAr calorimeterconsistsof an electromagneticsectionwith leadabsorber
anda hadronicsectionwith stainless-steelabsorber.Thetotal depthofthe elec-
tromagneticpart variesbetween20 and30 radiationlengthswhereasthe total
depthofbothcalorimetersvariesbetween4.5 and8 interactionlengths.TheLAr
calorimetercoversthe angularrangebetween4°and153°.The calibrationof
the LAr calorimetersegmentshasbeenobtainedfrom test-beammeasurements
usingelectronsandpions [2,9,10]. Theelectromagneticenergyscaleis verified
to a 3% accuracyin the Hi detectorby comparingthe measuredtrackmomen-
tum of electronsandpositronswith the correspondingenergydepositionin the
calorimetriccells.The absolutescaleof thehadronicenergyis presentlyknown
to 7% as determinedfrom studiesof thep, balancefor deepinelasticscattering
events.

ThedeterminationofYh accordingto eq. (2) usesacombinationofcalorimet-
ric measurementsandreconstructedchargedtracksin the centralregion.Double
countingof the energyis avoidedby maskingcalorimetriccells behinda track
in acylinder of 15 (25) cm in the electromagnetic(hadronic)calorimeter.The
contributionof tracksto theYh measurementis about40 %. This reducesthe
influenceof energy-scaleuncertaintiesand improvesthe Yh resolution.

Electronsandphotonsemittedat very small angleswith respectto the in-
coming electrondirection are measuredin an electron- anda photon-tagging
calorimeter.Thesedetectorsarelocated33 and 103 m downstreamof the in-
teractionpoint andhaveangularacceptancesbelow 5 mradand0.5 mrad, re-
spectively.The electronandphotontaggersaredesignedto detectthe e—y coin-
cidencesfrom the low-Q2 elastic radiativecollisionse + p —~ e + y + p, used
to measurethe luminosity. The photonandelectrontaggersfurtherallow us to
control the sizeof the radiativecorrectionsandthe size ofthe photoproduction
backgroundto deepinelasticscattering,as will bediscussedbelow.

In 1992 HERA was operatedwith 10 electronand 10 protonbunches,sepa-
ratedby 96ns.Ninebuncheswerecolliding,oneelectronandoneprotonbunch—
termedpilot bunches—hadno collision partner.The interactionregion extends
alongthe beamline with a o~~ 25cmas determinedby the lengthof theproton
bunch.

3. Event selectionand background subtraction

3.1. SELECTION OF DEEPINELASTIC SCATTERINGCANDIDATES

The eventsusedin this analysisaretriggeredby requiringa local energyde-
posit, or cluster,of morethan4 GeVin the BEMC. This triggeris dominatedby
interactionsof beamprotonswith residualgasandbeamline elementsupstream
of theHi detector.Mostoftheseeventsareefficiently rejectedatthetriggerlevel
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usingatime of flight system(TOF) [2~consistingof two scintillatorplanesin-
stalledbehindthe BEMC. In total we haverecorded 5 x 1 O~eventswhich
aredominatedby beaminducedbackgroundandphotoproductioninteractions.
A cleansampleof deepinelasticscatteringcandidatesis selectedoffline by the
following requirements:
(1) A BEMC energycluster is requiredto be associatedwith at least one re-
constructedspacepoint in the BPC.The distancebetweenthe clustercentre-of-
gravity andthe BPCspacepoint is requiredto be smallerthan5 cm (about 3a
of the clusterpositionresolution).
(2) Thelateralsizeof the clusterisrequiredto be smallerthan5 cm, as expected
for the signatureof an electron.
(3) Eventswhichhavealargefraction of trackspointingoutsidethe interaction
region arerejected.
(4) An eventvertex, reconstructedfrom tracks in the centraltracker,within
±50cmfrom thenominal interactionpoint is required.
(5) The missingenergy,Emiss = Ee~(Ye — j’~,), is requiredto be smallerthan
11.7GeV.

Requirements(1) and (2) definethe scatteredelectroncandidate.Require-
ments (3) and (4) rejectbeam-inducedbackgroundeventswhile requirement
(5) isimportantfor thereductionof radiativecorrectionsandphotoproduction
backgroundas will be discussedbelow.

Beamrelatedbackgroundcan be studieddirectly with proton andelectron
pilot bunches.No pilot buncheventsurvivesthe final cuts (1)—(5). A detailed
studyofbackgroundeventsfrom thepilot bunchesover alargerkinematicrange
andvaryingcutsgivesan upperlimit of remainingbeambackgroundof at most
1% overall.

The distributionsof the basickinematicalvariablesusedin the analysisare
shownin figs. 1 and2 andcomparedto a Monte Carlo which includesa full
simulationof theHi detector.Notethat the MonteCarlo calculationsdepend
on the input structurefunction.

All Monte Carlo distributions are normalizedto the integratedluminosity
of our datasample,andarebasedon the MRSD— partondensities[11]. The
energyspectrumof the scatteredelectronfor deepinelasticeventcandidatesis
shownin fig. 1 a before the clustersize cut (2) andthe Emisscut (5). A salient
featureof the ep kinematicsis a peakof theE~distribution nearthe electron
beamenergy.Its shapeandposition are only weakly dependenton the input
structurefunction.The kinematicpeakallowsto calibratetheE~measurement
with anaccuracyof about2% which representsan importantcross-checkof the
energycalibrationbasedon the hadronandelectronangles.Fig. lb showsthe
distributionof the scatteringangleOe for the eventswith the cut (2) imposed.
Thesteeprise towardslarge°ereflectsthe l/Q4photonpropagatoreffecton the
crosssection.The Yh distributionis shownin fig. 2aafter cuts (1 )—(4). The Ye
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Fig. 1. Distributions of (a) the energyE~of the scatteredelectronbeforecuts (2) and(5), and (b)
the electron scattering angle °ein the BEMC angularrangeimposingcut (2) for Ee> 10.4 GeY.
The solid histograms are the Monte Carlo predictions normalized to the integratedluminosity of
the data sample. Theshadedhistogramin (a) is thepredictedbackgrounddueto photoproduction

events with a fake electron.
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-a)
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Fig. 2. Distributions of (a) the scaling variable Yh measured with the hadronsfor Ee > 10.4 GeV,
and (b) the ratio Ye/Yh for 0.05 <y < 0.3. The distributions are obtained after the cuts (l)—(4).
The solid histograms are the Monte Carlo predictions normalized to the integrated luminosity of

the data sample.
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andYh measurementsare comparedin fig. 2b which showsthe ratio Yh/Ye for
0.05 <y < 0.3. As expectedthe distributionpeaksat 1. The resolutionis well
describedby the MonteCarlo simulation.

The Monte Carlo eventshavebeengeneratedusing HERACLES [12] for
theelectroweakinteraction,whichincludesfirst-orderradiativecorrections,fol-
lowedby LEPTO [13] for the simulationof QCD processesandfragmentation.
The MonteCarlo simulationwith the MRSD— partondistributionsdescribes
thedistributionsof figs. 1 and2 well. It is usedin the following for determining
the geometricalacceptanceanddetectorsmearingcorrections.

3.2. PHOTOPRODUCTIONBACKGROUND

Themostimportantlimitation in extendingthemeasurementdomaintowards
high Y (y > 0.6) comesfrom the backgroundof photoproductionprocesses.
TheseareepcollisionsatQ2 0, which outnumberby severalordersof magni-
tudethe deepinelasticcollision rate. In thesecollisionsthe electronis scattered
at small angleand is not observedin the BEMC. However, the hadronspro-
ducedin the collision may give rise to a signal in the BEMC, which could be
misidentifiedas that of adeepinelastically scatteredelectron.The size of this
photoproductionbackgroundis determinedby detailedMonte Carlo simula-
tion studiesbasedon PYTHIA [14] andRAYVDM [15] y—p eventgenerators,
whichdescribehardandsoftprocessesat Q2 -~0, respectively.The overall nor-
malizationandthe ratio of the hard andsoft contributionsneededto describe
our datahave beendeterminedby studyingdeepinelastic eventcandidates,
survivingcuts (1)—(4), for which anelectronis detectedin theelectron-tagging
calorimeter.Theseeventsarepurey—p interactions.Theirdetectionefficiencyis

10% dueto thegeometricalacceptanceof the taggingcalorimeter.TheMonte
Carlo simulationdescribesthe electron-taggedbackgroundsamplewell in all
kinematicalvariablesrelevantfor this analysis.The relativecontributionsand
the overallnormalizationarefoundto bein good agreementwith ourphotopro-
duction crosssectionanalysis,presentedin ref. [16]. This givesus confidence
that theMonteCarlo simulationcanbeappliedto thefull untaggeddatasample
as well.

The predictedenergyspectrumof thesey—p eventswith fakeelectroncandi-
datesis includedin fig. 1 a normalizedto the total integratedluminosity.It falls
rapidly with increasingenergy,E~,becomingnegligible at 16 GeV. In orderto
reducethis backgroundto a manageablelevel werequirethat the clusterenergy
in the BEMC is largerthan10.4 GeV correspondingto y to be lessthan0.6. A
significant suppressionof the y—p backgroundis achievedby applyingcut (2)
andthe Emisscut (5). For y—p events,the scatteredelectronis missing leading
to a largevalueof Emiss.The remainingphotoproductionbackgroundis found
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to belessthan 30 % at the highestY (lowestenergyE~), becomingnegligible at
~‘ ~ 0.4. Thisresidualcontaminationis subtractedstatistically.

4. Differential crosssection

The differential crosssectionsare determinedby severalseparateanalysis
chains,usingdifferentcombinationsof kinematicalvariablesanddifferentun-
folding procedures.They areall foundto give the sameresultswithin errors.

In thispaperwepresentresultsobtainedby two methodswhich areverydif-
ferentwith respectto systematicuncertaintiesandthereforeallow an important
cross-checkof the final result. In methodI, the eventkinematicsis calculated
from the scattered-electronvariablesE~and°eaccordingto eqs. (1) and (3).
The acceptance,efficiencyandcrosssectionare determinedin ~5/E~,

0e bins
which matchthe resolutionandgeometricalacceptanceof thedetector.Thecal-
culatedcrosssectionsin thesedetector-orientedbins arethen transformedto
crosssectionsin Xe andQ~.In methodII, bins in thevariablesXm, eq. (5), and

are useddirectly for crosssection,acceptanceandefficiency calculations.
MethodI extendsthe accessiblerangeto largey, methodII to low y.

4.1. KINEMATICAL DOMAIN

The kinematicalregion in which the measurementis madeis definedby the
following boundaries:E~> 10.4 GeV and 160.0°< O~< 172.5°.The angular
cutsensurefull containmentof the electronshowerin the BEMC calorimeter.
MethodII is restrictedto the region Xm < 0.02 andYh < 0.3. Theselimits
ensurethatalargefraction of the energyof the producedquarkjet is contained
in the LAr calorimeter.

4.2. EFFICIENCY OFEVENT SELECTION

Theefficienciesof the cutsusedto selectthe final datasamplearedetermined
directly fromthe data.The uncertaintiesin the following efficienciescontribute
to the overall normalizationerror:

—The efficiencyof the BEMC electrontrigger.The trigger is fully efficientfor
electronsof energieslargerthan10 GeV.

—TheTOF-vetorequirement.Lossesdueto falseTOFvetoingof genuinedeep
inelasticeventsamountto 4±3%.

—Lossesofdeepinelasticeventsbycut (4)on thepositionofthereconstructed
vertexamountto 10±2%.

The abovecontributions,togetherwith aluminosity uncertaintyof 7% [161
leadto aglobal normalizationuncertaintyof 8%.
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The following efficienciesarefoundto dependon the kinematicalvariables:
—The efficiency of selectingelectroncandidates(cut (1) and (2)) amounts

to 86±5%atthe highestenergies.At the lowestenergyit decreasesto 77±7%.
—The event-selectionefficiencyresultingfrom cut (3) amountsto 92±3% for

eventswith a reconstructedvertexandvariesweaklywith the electronenergy
andangle.

—The efficiency for reconstructingthe interactionvertex (cut (4)) is deter-
minedto be 93±6% atlower anglesanddropsto 79 ±6%for the largerangles
in the regionE~< 25 GeV.

—The efficiency of cut (5) on Emjss. This cut rejectsradiativedeep inelas-
tic scatteringeventsin which a hard photonis emittedin the direction of the
incomingelectron,seesection5.

4.3. DETECTORACCEPTANCE AND RESOLUTIONEFFECTS

Acceptanceandsmearingcorrectionsaredeterminedfrom detailedsimulation
oflargeeventsamples.Severaldifferentassumptionson input partondensities
areusedincluding thosepredictinga steeprise atlow X (MRSD—) as well as
thosepredictinga slowincrease(MRSDO).

In methodI threeequidistantOe bins and eight equidistantbins in ~
matchingtheenergydependenceof theBEMC resolution,areused.In methodII
threeQ2binsandfour X binsperdecadearechosen.Thechoiceof largebin sizes
in bothmethodsis determinedby the limited statisticsof the dataratherthan
by resolutionconsiderations.As a resultsmearingcorrectionsare lessthan10%
everywhere.No significantsystematicdependenceof the acceptancecorrections
upon the assumedform of the inputpartondensitiesis observed.The residual
differencesareincludedin the systematicerrorsofthedatapoints.Themeasured
differentialcrosssectionsareextrapolatedto the centreof eachbin usingthe
MRSD— parametrizationof parton densities.The correctionsarebelow 10%
anddo not dependsignificantly on the exact shapeof F

2.

5. Radiative corrections

The measureddifferential crosssection,d
2am~8/dXdQ2containscontribu-

tions from higher orderelectroweakprocesses,but for Q2 << M~only electro-
magneticradiativeprocessesarerelevant.Sincethe structurefunctionsarede-
fined in the Born approximation,radiativecorrectionsto d2am~5/dxdQ2have
to becalculatedandappliedprior to the extractionof F

2. Thesecorrectionsare
traditionallyexpressedby ô (x, Q

2) definedby the equation

5meas1~Bom= (1 + ô). (6)
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Fig. 3. Distribution of the photon energy E
7 for deep inelastic events with collinear brems-

strahiung as measured in the photon-tagging calorimeter(full points) comparedto the Monte
Carlo prediction, normalized to the integratedluminosity of thedatasample.

Different programsto calculatethe radiativecorrectionsareavailable.We used
the numericalprogramTERAD91 [17] andthe MonteCarlo programsHER-
ACLES [12] andLESKO [18] which arefound to agreewithin the statistical
accuracyof theMonteCarlosimulation.

The radiativecorrectionsto thecrosssectionmeasuredby the electronvari-
ables,öe(Xe,Q~),aresensitiveto theshapeof thepartondistributionsin theun-
accessiblekinematicaldomainfor Q

2 < 5 GeV2 andcould exceed100 % [19].
The correctionsaredominatedby hard-photonemissionin a direction closeto
thatofthe incidentelectron.A fractionofthesehardphotonscanbeobservedin
thephotontagger.In fig. 3 themeasuredenergydistributionof radiativephotons
with E~> 7 GeV is comparedwith the predictionof the HERACLESprogram
normalizedto the integratedluminosity of our datasample.Goodagreement
is observedboth in shapeandmagnitude,providingan importantcheckof the
theoreticalcalculationof the correspondingradiativecorrections.

The size of theradiativecorrectionsis significantly reducedby the Emjsscut
which eliminateseventswith hard initial-state collinearbremsstrahlungwith
E~>11.7 GeV. In addition,low hadronicmassComptonevents[20] areelim-
inatedby the requirementof areconstructedvertex. Collinearfinal-stateradia-
tion photonsarenot resolvedin ourcalorimetricmeasurementof the scattered
electron,leadingto afurtherreductionof the corrections.The radiativecorrec-
tionsof methodI arecalculatedusingthe eventgeneratorHERACLESandits
interfaceto thefragmentationprogramLEPTO. Theresultingradiativecorrec-
tionsfortheselecteddatasamplearesmall (<10%) andalmostinsensitiveto the
assumedform of the partondistributions.We haveverified,using the LESKO
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program,thatthecontributionof theprocesseswith multiplephotonemissionto
the radiativecorrectionscanbe neglectedin the measuredkinematicaldomain.

The correctionsfor thecrosssectionmeasuredin termsof themixed variables
ôm (Xm, Q~),are calculatedusing the TERAD91 programandare foundto be
smallerthan 8 %. In methodII we havenot imposedthe Emisscut whichwould
reducethe amountof radiativecorrectionsevenfurther.

6. The structurefunctionF
2(x, Q

2)

The Born crosssectionfor deepinelasticelectronscatteringoff a proton can
beexpressedin termsofthe structurefunctionF

2 andthe photoabsorbtioncross
sectionratio of longitudinallyandtransverselypolarisedphotons,R = UL/aT:

d
2a 2irct2( i~~2\ 2

dxdQ2 = ~ ~,,2(1 —~)+ 1 + R)F2(X~Q ), (7)

for Q2 <<Mi. The ratio R(x, Q2) hasnot yetbeenmeasuredat HERA. There-
fore, in orderto extractF

2 (x, Q
2) from the measureddifferentialcrosssection,

an assumptionon R hasto be made.We havechosenR valuescalculatedac-
cordingto the QCD prescription[21] usingthe MRSD— partondistributions.
Note that R contributesto the differential crosssectionmainly in the high-y
region. In the region of our measurementthe chosenR valuesreducethe cross
sectionby at most8% w.r.t. assumingR = 0.

The binning for the F
2 (x, Q

2) measurementpresentedin this paperis op-
timized for studyingthe x-dependenceat fixed valuesof Q2. We presentthe
data in four different Q2 bins, with values of 8.5, 15, 30 and 60 GeV2. At
Q2 = 8.5 GeV2, only the low-x (large-y) domain is accessibledueto the lim-
ited angularacceptanceof the BEMC. In this regionthe F

2 measurementcomes
solely from the electronmeasurement(methodI). At Q

2 = 60 GeV2,the high-
x (low-Y) domainis measured,wherethe resultsbasedon the mixed (Xm, Q~)
variables(methodII) are moreaccuratethanthe electronmeasurement.For
the two intermediateQ2 valuesa meaningfulcomparisoncan be madebetween
the two methods.

Therapidly deterioratingresolutionin Ye with decreasingYe,preventsaccurate
measurementsofF

2 atlargex with fine binning.Nevertheless,onecan assignall
eventswith Ye < 0.06 to onesingle bin, for which efficienciesandacceptances
canbe determinedreliably. Events in this region haveXe values in the range
6 X 1 O~< Xe < 1, largely overlappingwith the existing lower-energymuon
protondata.We usethe measuredshapeof F2 from lower-energymuonproton
datato calculatethe averagex valueof this bin. In this way, apoint athigh x
is obtainedfor the two Q

2 bins at 15 and30 GeV2, which links directly to the
low-energydata.
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The calculationof the systematicerrorson F2 includesthe following contri-
butions:

—Possibleshiftsoftheelectronenergyscaleby 2%. ThisaffectsmostlymethodI
giving rise to a20% errorat largeX, decreasingrapidly towardslower X to 4%.
In methodII, theseerrorsdo not exceed6%.

—Uncertaintyin theBEMC energyresolutionof2%, affectingmostlymethodI,
andyielding errorsof up to 6% in the large-X region.

—Uncertaintyin the measurementof Yh, affecting method II only. This in-
cludes the fragmentationmodel dependence,an absolutescaleuncertaintyof
the hadronicenergymeasurementin the LAr calorimeterof 7%, andeffectsre-
sultingfrom the treatmentofnoisein the calorimeter.The correspondingerror
variesbetween10% and25%. The largesterroroccursatlow X.

—Possibleshifts of Oe by 5 mradgiving rise to errorsof up to 8% for both
methods.

— Uncertaintyin theeventselectionefficiency (section4.2) leadingto anerror
of about10%.

—Uncertaintyin the electronandprotonbeaminducedbackground(4% for
the lowestX value).

—Uncertaintyin thephotoproductioncontaminationgiving riseto an errorof
up to 10% for the four lowest-X points.

—Uncertaintyin the detectoracceptancecalculationdueto the assumedform
of the input partondistributions,giving rise to at mosta 10% error.

—Uncertaintyin the size of the radiativecorrectionsgiving rise to an errorof
up to 8%, for methodI, andup to 3% for methodII.

—Uncertaintyin the bin centrecorrectiongiving rise to errorsof up to 5%.
—Global 8% normalizationuncertaintyas discussedin section4.2.
The F2 measurementsof methodI and II arepresentedin fig. 4 for two Q

2
values,togetherwith data pointsfrom the NMC [22] andBCDMS [23] fixed-
targetmuonprotonscatteringexperiments.The statisticalandpoint-dependent
systematicerrorsareaddedin quadrature.The global systematicerrorof 8% is
not shownin the figure. Theresultsof methodI andofmethodII, which areto a
largeextentsubjectto differentsystematiceffects,arefoundto bein goodagree-
ment.The high-X datapointsagreewell with the availablemeasurementsfrom
fixed-targetexperimentsgiving us an independentcross-checkof the absolute
normalizationwith an accuracyof 20%.

A uniqueF
2 in thefull rangeof X andQ

2 is obtainedby taking the system-
atically moreaccurateF

2 values.The final datasamplecomprises1026 events.
Double countingof eventsis avoided.Our final resultson F2 aresummarized
in table 1, togetherwith the R valuesusedin this analysis.The systematicer-
rors for the datapointsrangefrom 15% to 22%. They include neitherthe 8%
global normalizationuncertainty,northe effecton F2 dueto the uncertaintyof
R. A substantialreductionoftheseerrorswill be possiblein the future as more
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Fig. 4. Measurement of F
2 (x,Q

2) for two values of Q2. The full circles correspond to method I
(electron measurement), while the opencircles correspondto method II (mixed variable mea-
surement). Theerror barsshowstatisticalandtotal errorsobtainedby addingthe statisticaland
systematic errors in quadrature. In addition all points have a normalization uncertainty of 8%.
Data points of the fixed-target muon proton scattering experiments NMCand BCDMSare shown

for comparison.

statisticsbecomesavailable.
In studyingthe hadronicfinal stateof the deepinelasticevents,we found

that the majority of eventswith the producedquark jet at largeanglehavea
significantenergyflow atsmallerangles(in the protondirection). This energy
flow is describedby modelswhichincludeprotonremnantfragmentation,initial
stateradiation and colour string effects [24]. However,a fraction of events
showsno significant energydepositoutsideof the producedquark jet region.
The sameobservationhasrecentlybeenmadeby the ZEUScollaboration [25].
Themaximumpseudorapidity,~ = — ln (tan6/2), for energyclustersmeasured
in ourcalorimeteris 3.8.A classof “rapidity gap”eventsisdefinedby askingthat
noenergyclusterwith ~ > 400MeVisfoundfor ij > 1.8.In ourdeepinelastic
samplewefind 6%ofrapiditygapeventswhile theMonteCarlocalculation[13]
predictsonly 0.1%.Theseeventsareincludedin theF

2 measurement.A specific
studyshowsthat their fraction—within the limited statistics—doesnot depend
significantly on X and Q

2. Thus they play no specialrole for the rise of ~2 at



RAPID COMMUNICATION

Hi Collaboration / Low-xproton structurefunction at Hi 531

TABLE 1

The proton structure function F
2(x,Q

2) as measured in the presentexperiment.Theerrorsdo not
include an overall normalizationuncertaintyof 8%. The statistical (O~tat)and systematic (o’,~~~)
errorsarequotedseparately.The last column gives the value of R = CL/aT usedto evaluateF

2.
Theuncertaintydueto R is not includedin the errorssinceF2 canbereevaluatedfrom this table

assoon asbetterinformation on R becomesavailable.

Q
2/GeV2 x y F

2 astat asyst R

8.5 0.00018 0.54 1.43±0.52 0.30 0.43 0.42
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

15 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
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

30 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
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

60 0.00237 0.29 1.50 ±0.52 0.31 0.43 0.21
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

smallx. It will be interestingto studythem in detail, sincetheymaybelinked
to hard diffraction [26] possiblygiving informationon the pomeronstructure
function.

7. Discussion

TheX-dependenceofF2is shownin fig. 5 for thefour Q
2values.We observea

clearriseof F
2with decreasingX. Sucharise is not expectedfromReggeparton

models.Onthecontrarylinear evolutionequationsin perturbativeQCD predict
a fastgrowth of the gluon densityin the proton in the asymptoticlimit X —~0.
An evolutionequationderivedby Kuraev,Lipatov andFadin [7], particularly
adaptedto studythe smallX region,predictsa characteristicx~behaviourof
thegluon densityat small X, with ,~ 0.5. Sincein thislow-x regimethe gluon
is expectedto drive the sea-quarkdistribution,a similarX-dependencecouldbe
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Fig. 5. The measuredstructurefunctionF
2(x,Q

2) for different valuesof Q2, comparedto several
structurefunctionparametrizationswhicharefittedto recentlow-energydata,describedin thetext.
Theerror barsshow statistical andtotal errorsobtainedby addingthe statisticalandsystematic

errorsin quadrature.In addition all pointshavea normalizationuncertaintyof 8%.

expectedfor F
2. It is howevera priori not knownat whichX valuethe onsetof

theLipatovbehaviourshouldbecomevisible. In anycase,it is excitingto seeF2
riseatsmallX, sinceinterestingQCD effects,suchas screeningandsaturation,
maybecomedetectableatHERA. The Q

2dependenceofF
2 is shownin fig. 6 for

Q
2 > 10 GeV2. For constantvaluesof X, F

2 increasesslowly with Q
2 as could

be expectedfrom perturbativeQCD.
Variouspartondensityparametrizationsexist,whichresultfrom fits to mainly

low-energydeepinelasticscatteringdata. Due to the absenceof experimen-
tal dataprior to the HERA results, theseparametrizationsgenerallymakeas-
sumptionson the behaviourof the parton densitiesat x values below 10—2.
Someexamplesof F

2 structurefunctionscalculatedfor differentpartondensity
parametrizationsareshownin figs. 5 and6. For the MRSD[27] parametriza-
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Fig. 6. The measuredstructurefunction F
2(x, Q

2) for differentvaluesof x, comparedto several
structurefunctionparametrizationswhicharefitted to recentlow-energydata,describedin thetext.
Noticethatthefigure doesnot display the lowest-xdatapoints,table 1, as theseareavailableonly
at onevalueof Q2 = 8.5 GeV2.Theerror barsshowstatisticalandtotalerrorsobtainedby adding
the statisticalandsystematicerrors in quadrature.In addition all points have a normalization

uncertaintyof 8%.

tions the smallX evolutionof the gluon density (at Q~= 4 GeV) is singular
(Lipatovbehaviour) X05 for MRSD—’ andconstantfor MRSDO’. Similarly,
for the CTEQ1 MS[28] parametrizationthe gluon densityis singular, but the
sea quarkdistribution is not strongly coupledto the gluon density, leadingto
a slower riseof F

2 with decreasingX. For the GRV[29] parametrizationsmall
X partonsareradiativelygeneratedaccordingto the Altarelli—Parisi equations,
starting from “valencelike” quarkand gluon distributionsatQ~= 0.3 GeV

2.
The parametrizationof DonnachieandLandshoff (DOLA) [30] is aRegge-
theorymotivatedfit, which is applicablefor Q2 values up to about10 GeV2.

Theseparametrizations,whichall describethe existinglow-energyfixed-target
datagive F

2 valuesat x iO~which differ by more than a factor 4. Our
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data areconsistentwith the GRV andalsothe MRSD—’ parametrizations.The
presentmeasurementnarrowsthe possiblerangeof partondensitiesat low X

substantially,giving a muchbetterbasisto predicthardscatteringprocessesat
high-energypp andheavy-ioncolliders. Moreover, it givesguidelines for the
developmentof abettertheoreticaldescriptionof the low-X region.
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