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Abstract

An NLO QCD analysisof theZEUS dataon e™p deepinelasticscatteringo-

getherwith fixed-taget datahasbeenperformedfrom which the gluon and
quarkdensitiesof the protonandthe value of the strongcouplingparameter
as(M%), have beenextracted. The studyincludesa full treatmentof the ex-

perimentakystematiaincertaintiesincludingpoint-to-pointcorrelations Dif-

ferentwaysof incorporatingcorrelatedsystematiaincertaintiesnto thefit are
discussedndcompared.

1 INTRODUCTION

Studiesof inclusive differential crosssectionsand structurefunctions, as measuredn deepinelastic
scattering(DIS) of leptonsfrom hadrontamets,have playeda crucial role in establishinghe theoryof
perturbatre quantumchromodynamicgpQCD). Measurementf the structurefunctionsasa function
of z and@? yieldsinformationon the shapeof the partondistribution functions(PDFs?') and,through
their Q2 dependencepn the valueof the strongcouplingconstanias (M2). Most analysesisethe for-
malismof the next-to-leading-ordefNLO) DGLAP evolution equationg1] which provide a successful
descriptionof the dataover a broadkinematicrange.

In recentyearsthe uncertaintieson PDFsfrom experimentalsourcesaswell asfrom modelas-
sumptions have becomean issue. The subjectof this paperis an evaluationof the experimentalun-
certaintieson the extractedPDFsandon the value of a;(M%). Variousmethodsof treatingcorrelated
systematiancertaintiesrediscussedThemethodselectedor themainanalysidgs conserative, reflect-
ing knowledgethat suchsystematiauncertaintiesare not alwayswell understood.Model uncertainties
have alsobeenestimated.

2 Description of NLOQCD fit

Full detailsof the analysisare givenin [2], herewe give only a summary The kinematicsof lepton
hadronscatterings describedn termsof the variablesQ?, the invariantmassof the exchangedvector
boson,Bjorken z, the fraction of the momentumof the incoming nucleontaken by the struck quark
(in the quark-partormodel),andy, which measureshe enegy transferbetweerthe leptonandhadron
systemsThedifferentialcross-sectioffior the processs givenin termsof the structurefunctionsby

o _ 2’ [Y+ Fy(z,Q%) — 42 Fr(z,Q%) — Y_ xFs(x, QQ)] ;

dzd@?  Q*z
whereY. = 14 (1 —y)%. Thestructurefunctionsaredirectly relatedto PDFs,andtheir Q> dependence,
or scalingviolation, is predictedby pQCD. For Q? < 1000GeV?, F, dominateshe chaged lepton-
hadroncross-sectiormndfor z < 102 the gluon contritution dominateghe Q2 evolution of F,, such
that HERA datain this kinematicregion provide crucialinformationon quarkandgluon distributions.
(SchematicallyFy, ~ zq, dFs/dInQ? ~ a,Pyyzg).

1In this papertheterm PDFwill beusedto referto partondistribution function, ratherthanto probability densityfunction,
throughout.
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A globalfit of ZEUS[3] andfixedtargetDIS data[4 hasbeenperfomed.Thefixedtargetdataare
usedto provide informationon the valencequarkdistributions andthe flavour compositionof the sea,
andto constrainthefits at high z. All datasetsusedhave full informationon point-to-pointcorrelated
systematiauncertainties.(ZEUS e*p cross-sectiomata;NMC, E665,BCDMS 4 — p andy — D Fy
data;CCFRv, v xF3 dataon an Fetarget). A total of 71 sourcesof systematiauncertainty including
normalisatioruncertaintiesywereincluded.

Theanalysiss performedwithin thecorventionalframenork of leadingtwist, NLO QCD,with the
renormalisatiorandfactorizationscaleschoserto be Q2. In the standardit thefollowing cutsaremade
on the ZEUS andthe fixed target data: (i) W? > 20Ge\? to reducethe sensitvity to target massand
highertwist contritutions,which becomeamportantat high z andlow Q?; (i) Q? > 2.5GeV? to remain
in the kinematicregion where perturbatie QCD shouldbe applicable. The heary quark production
schemas the generaimassvariableflavour numberschemeof ThorneandRobertq5].

TheDGLAP equationgield thePDFsatall valuesof Q?, providedthey areinputasfunctionsof
atsomeinputscaleQ3. The PDFsfor u valenced valencetotal sea(zS), gluon(zg) andthedifference
betweerthed andu contritutionsto the sea,areeachparametrizedby theform

zf(x) = p1aP?(1 — 2)P* (1 + psx)

atQ3 = 7GeV2. Theflavour structureof thelight quarkseaallows for theviolation of the Gottfried sum
rule andthe strangeseais suppressedly a factorof 2 at Q%, consistenwith neutrinoinduceddimuon
datafrom CCFR.The parameter®; — p3, ps areconstrainedo imposethe momentumsum-ruleand
thenumbersum-ruleson thevalencedistributions. Thereare11 free parameteré the standardit when
the strongcouplingconstanis fixedto o (M%) = 0.118 [6], and 12 free parametersvhena; (M%) is
determinedy thefit.

3 Definition of x?: treatmentof correlated systematicuncertainties

Traditionally experimentalcollaborationshave evaluatedan overall systematiancertaintyon eachdata
point and thesehave beentreatedas uncorrelatedsuchthat they are simply addedto the statistical
uncertaintiesn quadraturavhenevaluatingyx?. However, moderndeepinelasticscatteringexperiments
have very small statisticaluncertainties so that the contritution of systematicuncertaintiesbecomes
dominantandconsideratiorof point to point correlationshetweensystematiaincertaintiess essential.
An obvious exampleof a correlateduncertaintyis the overall normalisationof the data,but thereother
morecomple correlateceffectswhich affect the evaluationof kinematicvariables.For example,asmall
changen the calorimeterenegy scalecanmove eventsbetweenz, Q? binsandthusinducecorrelations
which modify the shapeof the extractedstructurefunction.

Theformulationof the x? including correlatedsystematiaincertaintiess

%% [0 p) = Filmeas)| V! [FV1O9CP (p) = F(meas) M

where,F\“92CP () representshe predictionfrom NLO QCD in termsof thetheoreticaparameters,

Fj(meas), representa measuredlatapointand
Vij = bijo; + ENARTATY

is the covariancematrix. The symbolo; representshe one standarddeviation uncorrelatederror on
datapoint: from both statisticaland systematicsources.The symbol A3® representshe onestandard
deviation correlatedsystematierroron datapoints dueto correlatederrorsourcei.

An alternatve definition of x2, which givesequialentresultsto Eq. 1, is constructedisfollows.
Thecorrelateduncertaintiesareincludedin thetheoreticalpredictionsuchthat

Fi(p,s) = FX"09P(p) + 3 s,A%°
A
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wheretheparameters, represenindependenvariablesfor eachsourceof systematiaincertainty They
have zeromeanandunit varianceby construction The x? is thenformulatedas

2= z [Fi(p, s (meas)] Z $2 @)

Z

Therearethentwo differentwaysto proceed.The systematiauncertaintyparameters, canbe
fixedto zerofor minimisation,but usedin error calculationgseeSec.3.1), or theseparameterganbe
fitted togethemwvith thetheoreticaparameter¢seeSec.3.2).

3.1 Offset methods

Traditionally experimentalistshave used‘offset’ methodsto accountfor correlatedsystematicerrors.
The x? is formulatedwithout any termsdueto correlatedsystematierrors(s, = 0 in Eq. 2) for evalu-
ation of the centralvaluesof thefit parametersHowever, the datapointsarethenoffsetto accountfor
eachsourceof systematierrorin turn(i.e. sets, = +1 andthens, = —1 for eachsource)\) andanewn
fit is performedfor eachof thesevariations. The resultingdeviationsof the theoreticalparameterérom
their centralvaluesareaddedin quadrature.(Positve andnegative deviationsare addedin quadrature
separately This methoddoesnot assumehatthe systematiaincertaintieare Gaussiaristributed.

An equialent(andmuchmoreefficient) procedureo performtheoffsetmethod8] hasbeengiven
by PascaudcandZomer[7]. The systematiancertaintyparameters), arefixedto zerofor minimisation.
However, the s, arevariedfor theerroranalysis suchthatin additionto the usualHessiarmatrix, My,
givenby

1 82X2
k= 5 A A >
J 2 Op;Opy,
whichis evaluatedwith respecto thetheoreticaparametersa secondHessiarmatrix, Cj, givenby
1 0%y?
Cin= ¢
2 0p;0sy

is evaluated. The M expresseshe variationof x? with the theoreticalparametersaccountingfor sta-
tistical and uncorrelatedsystematicerrors. It is the inverseof the correspondingcovariancematrix

VP = M~!. The C matrix expresseshe variation of the x? with respectto theoreticaland sys-
tematicparameters.The correlatedsystematiccontritution to the covariancematrix is then given by

VPs = M—tCCT M~ [7] andthe total covariancematrix by V't = VP 4 VPs, Thenthe standard
propagatiorof errorsto ary distribution £ whichis afunctionof thetheoreticaparameteris givenby

< 0% >= Zzap] ik Bp

by substitutingl’?, V¢ or V't for V, to obtainthe statistical(anduncorrelatedsystematic)correlated
systematior total experimentalerrorband,respecirely.

Thisis aconserative methodof errorestimatiorascomparedo theHessiamrmethodg8, 9], which
will bedescribedn Sec.3.2. It givesfitted theoreticalpredictionswhich areascloseaspossibleto the
centralvaluesof the publisheddata. It doesnot usethe full statisticalpower of thefit to improve the
estimate®f s, sinceit chosego mistrustthe systematierrorestimatesbut it is correspondinglynore
robust.

3.2 Hessianmethods

An alternatve procedurevould beto allow the systematiaincertaintyparameters, to vary in themain
fit whendeterminingthe valuesof thetheoreticaparametersHessianmethodl’ achievesthis by using
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the formulationof the x? givenin Eq, 2. The errorson the theoreticalparametersre then calculated
from the inverseof a single Hessianmatrix which expresseghe variation of 2 with respectto both
theoreticaland systematicoffset parameters.Effectively, the theoreticalpredictionis not fitted to the
centralvaluesof the publishedexperimentaldata, but allows thesedata pointsto move collectiely,

accordingto their correlatedsystematiaincertaintiesThe theoreticalpredictiondetermineghe optimal
settingsfor correlatedsystematicshifts of experimentaldatapoints suchthatthe mostconsistenfit to

all datasetsis obtained. Thus systematicshifts in one experimentare correlatedto thosein another
experimentby thefit.

Hessianmethodl becomes cumbersomerocedurevhenthe numberof sourcesof systematic
uncertaintyis large,asin the presenglobal DIS analysisn which 71 independensourcef systematic
uncertaintywereincluded. RecentlyCTEQ[10] have given an elegantanalyticmethodfor performing
theminimizationwith respecto systematic-uncertainfyarametersThey shaw thatthe y? canbewritten
as

FNROQCD () F~(meas)]
2 [ t ¢ -1
X' =Y - —BA™'B (3)
i %
where [ NLOGED ]
F; (p) — Fi(meas)
By = Z Azs'is 2
i 9;
and

Ay =0+ Y ANAY /o2,
7

suchthat the uncorrelatedand systematiccontritutions to the x? can be evaluatedseparately This
methodis referredto as‘Hessianmethod?'.

Theresultsfor the ZEUSfit analysisarecomparedor thesemethodsbelow.

4  Fit results: experimentaland modeluncertainties
4.1 Experimental undertainties: offset method

The standardit hasbeenperfomedtreatingthe experimentalcorrelatedsystematicerrorsby the offset
methodwith o (M%) = 0.118 fixed. Thefit givesanexcellentdescriptionof the high-precisioiZEUS
dataandof thefixed-tagetdata,seeref[3]. TheseaandthegluonPDFsextractedfrom thisfit areshavn
in Fig. 1. ThesePDFsagreewell with the latestdistributionsfrom MRST2001[11] andCTEQ6[12].
Theerrorbandsshavn in thefigureillustratethe experimentaluncertaintiesrom i) statisticalanduncor
relatedsystematiauncertaintieslone;ii) total experimentaluncertaintyincluding correlatedsystematic
uncertaintiesandii) additionaluncertaintydueto allowing o (M%) to be a parametenf thefit.

Clearly in thelatter case thefit alsodetermineshevalueof «, (M%), with its correlationsto the
PDF parametersully accountedThevalue

as(M%) = 0.1166 =+ 0.0008(uncorr) + 0.0032(corr) + 0.0036(norm) 4)

is obtained,wherethe threeuncertaintiesarise from the following: statisticaland other uncorrelated
sourcesgorrelatedsystematicsourcedrom all contrikuting experimentsexceptthatfrom their normali-
sations;the contrikution from the latter normalisations The contritution from normalisationuncertain-
tiesis shavn separatelyfrom the other systematicuncertaintiessince,for mary experiments,quoted
normalisatioruncertaintiesepresenthelimits of a box-shapedlistribution ratherthanthe standardle-
viation of a Gaussiartistribution. To accountor this, onemayallow the normalisation®f the datasets
to be parametersf thefit, restrictedwithin limits givenby their quoteduncertaintiesThis doesnot shift
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Fig. 1: Comparisorof the gluon andseadistributionsfrom the ZEUS-SNLO QCD fit for variousQ? values. In this figure,
the cross-hatchedrror bandsshav the statisticalanduncorrelatedsystematiaincertaintythe grey errorbandsshav the total
experimentaluncertaintyincluding correlatedsystematiauncertaintiegboth evaluatedfrom the standardit with as(M3) =
0.118) andthe hatchederror bandsshav the additionaluncertaintycoming from variation of the strongcoupling constant
Qs (M%)

201



the centralvalueof «; (M%) significantlybut it reduceshe contritution of normalisatioruncertaintyto
+0.0010.

4.2 Model uncertainties

In additionto the experimentaluncertaintyon the fitted parametersthereis potentially a model un-
certaintydue to the specificassumptionsnadewhen settingup the NLOQCD fit. Sourcesof model
uncertaintywithin the theoreticalframeavork of leading-twistNLO QCD are: the effect of varyingthe
valueof @3, andtheminimum@?, z andW? of dataenteringthefit; the choiceof datasetsenteringthe
fit; variationof the form of the input PDF parameterisationghe choiceof the heary-quark production
scheme.Thesensitvity of the resultsto the variationof theseinput assumptionfiasbeenquantifiedin
termsof theresultingvariationin as(M%), sinceit is themostsensitve parameterThis leadsto amodel
uncertaintyin as(M2), of Aas(M%) ~ +0.0018, considerablysmallerthanthe errorsfrom correlated
systematiandnormalisationuncertainties.The PDF parametersire muchlesssensitve to the model
assumptionshana;(M2). It follows thatthe error bandsillustratedon the partondensitiesin Fig. 1
representeasonablestimate®f thetotal uncertaintiesvithin the theoreticalframework.

Source®f uncertaintydueto thetheoreticaframework itself areconsideredn the contritution of
R.Thorneto this meeting.

4.3 Comparison of Offset and Hessianmethods

FirstHessiarmethodl andHessiarmethod2 have beencomparedn afit to ZEUSdataalone for which
thesystematiaincertaintiesindrelatve normalisationsrewell understoodTheresultsarevery similar,
asexpected However, if datasetsfrom differentexperimentsareusedin thefit, thesetwo Hessiammeth-
odsareonly similarif normalisationuncertaintiesarenot includedamongthe systematiaincertainties.
In Hessianmethod2 the minimisationwith respecto the systematigparametersvhich controlthe nor-
malisationsof thedatasetsis doneanalytically andthusonecannotrestrictthe shiftsof theseparameters
to be within their one standardeviation estimates.Thuswe choseto excludenormalisationerrorsfor
the purposeof comparison.

The offset methodhasbeencomparedo Hessianmethod2 by performingthefit to global DIS
datausingHessiarmethod? to calculatethe x?. Normalisatioruncertaintiesvereexcludedanda; (M2)
wasincludedasoneof thetheoreticaparametersThisfit yields,as (M%) = 0.1120+0.0013, wherethe
error representshe total experimentaluncertaintyfrom correlatedand uncorrelatedgsourcesgexcluding
normalisatioruncertaintiesThusthis valueshouldbecomparedvith, as(M2) = 0.1166+0.0033, eval-
uatedusingthe offset method,alsoexcluding normalisationuncertaintie{seeEq. 4). Hessianmethod
2 givesa muchreducedoptimal’ error estimatefor «;(M%) andthis is alsothe casefor the PDF pa-
rametersThevalueof a; (M%) is shiftedfrom thatobtainedby the offsetmethod.The PDF parameters
arenot affectedasstrongly their valuesareshiftedby amountswvhich arewell within theerrorestimates
quotedfor the offsetmethod.

One cannotcomparethe x? of the fits doneusing the offset methodand Hessianmethod?2 di-
rectly, sincethe offsetmethoddoesnot usecorrelatedsystematiaincertaintiesn x? evaluation.For the
purpose®f comparisonye re-evaluatethe x? for the datapointsusingthetheoreticaparametevalues
estimatedoy eachof thesetwo methodsin turn to obtainthe theoreticalpredictionand simply adding
statisticalandsystematierrorsin quadraturdor the covariancematrix. For both methodsws (M2) has
beenincludedamongthetheoreticalparameterandnormalisatioruncertaintieave not beenincluded
amongthe systematigparametersTablel presentshis x> comparsionThetotal x? for Hessiarmethod
2is Ax? = 283 larger thanthat of the offset method. The resultsof Hessianmethod2 represent fit
with anunacceptablyarge valueof x? whenjudgedin this corventionalway.
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Experiment| datapoints| y?/datapoint | x?/datapoint
Hessiammethod2 | offsetmethod
ZEUS96/97 242 1.37 0.83
BCDMSp 305 0.95 0.89
NMC p 218 1.50 1.26
NMC D 218 1.15 0.96
E665D 47 0.97 0.94
E665p 47 1.17 1.16
CCFRxF3 57 0.99 0.39
NMC D/p 129 0.97 0.93

Table1: Tableof x? calculatedby addingsystematiandstatisticalerrorsin quadratureor the theoreticalparametersleter
minedby the offsetmethodandhessiamethod2

4.4 Parameter evaluation and HypothesisTesting

Assumingthat the experimentaluncertaintiesvhich contritute have Gaussiardistributions, errorson
theoreticaparametersvhich arefitted within afixedtheoreticaframevork arederivedfrom thecriterion
for ‘parameterestimation’y? — x2,,, + 1. Thegoodnes®f fit of a theoreticahypothesiss judgedon
‘hypothesigesting’ criterion, suchthatits x? shouldbe approximatelyin therangeN + /(2N), where
N is thenumberof degreesof freedom.

Fitting DIS datafor PDF parameterandas(M2) is nota cleansituationof eitherparameteesti-
mationor hypothesigesting.Within thetheoreticaframevork of leading-twist-NLOQCD, mary model
inputssuchasthe form of the PDF parameterisationshe valuesof cuts,the valueof Q%, the datasets
usedin thefit, etc.,canbevaried. Theserepresentifferenthypothesesndthey areacceptedprovided
thefit x? fall within the hypothesis-testingriterion. The theoreticalparametersbtainedfor thesedif-
ferenthypothesesandiffer from thoseobtainedn thestandardit by morethantheir errorsasevaluated
usingthe parameteestimationcriterion. In this casethe modeluncertaintyon the parametergxceeds
the estimateof the total experimentalerror This doesnot happenfor the offset methodin which the
uncorrelatedxperimentalerrorsevaluatedby the parameteestimationcriterion areaugmentedy the
contrikution of the correlatedexperimentakystematiaincertaintieasexplainedin Section3. Theshifts
in theoreticalparametewaluesfor the differentmodelhypothesesrefoundto be well within the total
experimentakrrorestimatesHoweverthisis nolongerthe casewhenthefit is performedusingHessian
method2. In this casethe shiftsin theoreticalparametewraluesfor the differentmodelhypothesesre
outsidethe experimentalerror estimates.Oneof the motivationsbehindmakingNLOQCD fits to DIS
datais to estimateerrorson the PDF parametersind o (M%) within a generaltheoreticatframework,
ratherthanasspecificto particularmodelchoiceswithin this framework, sothatthe modeluncertainty
on parametersvithin Hessiammethod2 mustbe carefullyevaluated.

The CTEQcollaboration10, 12] have consideredhis problem.They considerthaty? — x2 + 1
is notareasonablé¢oleranceon a globalfit to ~ 1200 datapointsfrom diversesourceswith theoretical
and modeluncertaintiesvhich are hardto quantify and experimentaluncertaintiesvhich may not be
Gaussiardistributed. They have tried to formulatecriteriafor amorereasonablsettingof the tolerance
T, suchthat x> — x? + T? becomeshe variation on the basisof which errorson parametersre
calculated.In settingthis tolerancethey have consideredhatall of the currentworld datasetsmustbe
acceptableandcompatibleat somelevel, evenif strict statisticalcriteriaarenot met, sincethe conditions
for the applicationof strict criteria, namelyGaussiarerror distributions, arealsonot met. The level of
tolerancethey suggesis T' ~ 10. We have re-evaluatedthe errorsfor Hessiarmethod2 in the present
fit, usingvariousvaluesof thetolerance.We find thatfor T' = 7 the errorson the PDF parametersind
as(M%) arecomparableo thoseof the offset method. For example,we obtaina, (M%) = 0.1120 +
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0.0033.

Thusthe offset methodandthe Hessiamrmethodwith anaugmentedolerance,I’ = 7, similar to
thatadwocatedoy CTEQ,give comparablerrorestimatesin choosingbetweerthesemethodshereare
someadditionalconsiderationsin the Hessianmethodit is necessaryo checkthat datapointsarenot
shiftedfar outsidetheir onestandarddeviation errors.Whenthe ZEUSfits aredoneby Hessiarmethod
2 someof the systematicshifts for the 10 classef systematiaincertaintyof the ZEUS datamove by
~ +1.4 standardleviations. Thereis no singlekinematicregionresponsibldor theseshiftswhich could
be excludedto reducethis effect. Whereagheseshiftsarenot very large, they differ significantlyfrom
the systematicshiftsto ZEUS datadeterminedn the CTEQfit. The choiceof datasetsincludedin the
ZEUSTit alsochangegshe valuesof thesesystematicshifts andmakingdifferentmodelassumption#n
thefits alsoproducesomavhatdifferentsystematishifts. It seemsuinreasonabl®o let variationsin the
model,or the choiceof dataincludedin thefit, changethe bestestimateof the centralvalueof the data
points.

In summarythe offsetmethodhasbeenselectedor severalreasonsFirstly, becauséts fit results
make theoreticabredictionswhich areascloseto the centralvaluesof the publisheddatapointsaspos-
sible. The selectionof datasetsincludedin thefit or superficialchangego the modelarenot allowedto
changethe bestestimateof the centralvalueof the datapoints. Secondlybecauséts errorestimatesre
equialentto thoseof a methodwhich doesnot assumehat experimentalsystematiauncertaintiesare
Gaussiardistributed. Thirdly, becausets resultsproducean acceptabley? whenre-evaluatedcorven-
tionally by addingsystematicand statisticalerrorsin quadrature.Fourthly, becausats error estimates
take accounof thefactthatthepurposés to estimateerrorsonthe PDFparameteranda; (M%) within a
generatheoreticaframevork not specificto particularmodelchoices.Quantitatvely the errorestimates
of the offset methodcorrespondo thosewhich would be obtainedusingthe more generougolerance
T = 7 in themorestatisticallypowerful Hessiarmethods.

5 CONCLUSION

TheNLO DGLAP QCDformalismhasbeenusedto fit ZEUSdataandfixed-tagetdatain thekinematic
region, Q> > 2.5GeV?, 6.3 x 10™° < z < 0.65 andW? > 20Ge\2. The partondistribution functions
for the v and d valencequarks,the gluon andthe total seahave beendeterminedand the resultsare
compatiblewith thoseof MRST2001andCTEQG6. The ZEUS dataarecrucialin determiningthe gluon
andthe seadistributions.

Full accounthasbeentaken of correlatedexperimentalsystematicuncertaintiedor all experi-
ments.Theresultingexperimentaluncertaintie®on the partondistribution functionshave beenevaluated
conseratively, suchthatthe modeluncertaintywithin the framework of leading-twistnext-to-leading-
orderQCD, is nggligible by comparison.Hencethe error bandson the PDFsresultingfrom thesefits
representeasonablestimate®f thetotal uncertaintiesithin this theoreticaframework.
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