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Testsof QCD, and its representationby MonteCarloshowermodelssuchas PYTHIA or
HERWIG, are proposedfor Iow-Q

2 eventsat the e—p collider HERA. The testsare based
on observablefeatures that distinguish betweenquark jets and gluon jets. They therefore
provide sensitivity to the description of parton branching,and to the parton distributions
in the photonand proton.

1. Introduction

Large momentumtransferinteractionsin e+e, ep, and~p scatteringare
characterizedby theproductionof hadronicjets, which resultfrom the underly-
ing productionof quarksandgluons. Theproductionandhadronizationof the
jets is describedby MonteCarloshowermodels[1,2], which containa mixture
of perturbativeandleading-logQCD theory,andnon-perturbativephenomenol-
ogy.

Using the showermodelHERWIG [1] to simulateup scattering,I havepre-
viously shown that the quark or gluon origin of a jet can be recognizedon a
probabalisticbasisby theuseofcertainvariableswhich characterizetheinternal
“shape”of thejet [3]. (Hereas elsewherein this paper,antiquarksareincluded
alongwith quarkssincethereis no hope in generalto discriminatebetweenq
and~ jets.)Othermethodsfor quark/gluonjet discriminationthataregenerally
lesseffectivehavealsobeendescribed[4—7].All of thesemethodsarebasedon
the fundamentalphysicsthat gluonsbranch(G —* GG,q~)morereadily than
quarks (q —~ qG). For examplegluon emissionfrom a gluon is strongerthan
gluonemissionfrom aquark by afactor9/4 in lowest-orderperturbationtheory.

The purposeof the presentpaperis to extend the previousstudiesto ep
scattering,wherethe possibility will soonexist to comparewith experimental
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datafrom HERA at ~ = 314GeV. In orderto makethis studyasindependent
as possiblefrom my previousones,I usethe Monte Carlo programPYTHIA
[2] this time in place of HERWIG [1]. I also usea different jet definition
algorithm,andwork atthe somewhatlower jet ET’s appropriatefor HERA. The
overall agreementwith the previouswork showsthatthe predictionsarerobust.

Becauseof the photonpropagator,the majority of moderatelyhigh ET jets
in ep scatteringareproducedby almost-real(low-Q2) photonexchange.The
scatteredelectroncomesout ataverysmallangleandgenerallygoesundetected.
This studydealsmainly with theseevents,which arefavorablefor studyat the
lower luminositiesthatwill be availablein earlyrunningat HERA.

This work is directedtoward testing the combinationof QCD theory and
phenomenologycontainedin the showerMonteCarlosagainstexperiment,in a
waythatis sensitiveto therelativeamountsofq- andG-jetsproduced,alongwith
thesystematicsofjet development.ThevariablesI usearegood atdistinguishing
betweenthe two kinds of jets. They, are thereforesensitiveto the amountof
branching,andhencetest especiallythat aspectof a showermodel, alongwith
testingthe predictionfor the q/G productionratio.

Accordingto the Monte Carlo, the ratio q/G varies with jet pseudorapidity
q.~.This offers onepossibilityto test the separationtechniqueexperimentally.A
secondpossibletestcanbemadeby comparingwith deep-inelastic(DIS) events
in which the scatteredelectronis detected.In theseevents,the hadronicjet is
essentiallyalwaysa quarkjet.

A more distantgoal of this work is to usethe probabilistictagging of q- or
G-jets as an aid to measuringparton distributions,especiallyof the photon.
Anotherpotentialapplicationis tojet spectroscopy,whereit wouldbeusefulfor
observingW —* jets for example[3,8].

2. Eventsimulationand cuts

Simulatedevents of e—p scatteringat HERA energy (30GeV electronson
820GeVprotons)weregeneratedusingPYTHIA 5.6 [2], whichhasbeenfound
to describejetsobservedin Z°decayatLEPratheraccurately[9,101.Theparam-
etersusedwere the defaultsettingsfor photoproduction,in which the scattered
electronis not detected.Among the default choicesarestructurefunctionsof
DreesandGrassie[11] for the photon, andEHLQ1 for the proton. All rele-
vant two-bodyhard scatteringprocesseswere included:“unresolvedphotopro-
duction” (yq —~ Gq, yG —* qq) and “resolved photoproduction”(qq —~ qq,

q~,qcj —~ GG, GG —* q~,Gq —* Gq),alongwith their charge-conjugate
processes.Hard scatteringwith a heavy quark in the initial stateor a y in the
final statewas found to be negligible with our kinematicalcuts. On the other
hand,heavyquarksin the final statewere includedandmakeimportantcontri-
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butions: 24% for cand 4% for b. Fromthe standpointofjet shape,theyare
not importantlydifferent from u, d, or s.

Jetswere identified using a modified version of the subroutineLUCELL,
whoseoriginal form comeswith the JETSET7.3 part of the PYTHIA package.
LUCELL usesan idealizedsegmentedcalorimeterdetector,consistingof cells
which I haveset to width 0.100 in pseudorapidityij (= —lntanO/2 in the
laboratoryframe)by 0.098in azimuthalangleç5. The input informationto LU-
CELL consistsof thetotal transverseenergiesin eachofthesecells.Jetsarefound
by summingET over all cells within a cone [(?/— ~ + (~— ~~~)2]~/2 <0.8.
The axis ~ of theconeis initially found by trying the direction of every
unassignedcell thathasET > 1.5 GeV. An improvedjet axis is definedby the
Er-weightedaverageovercells in thecone.L UCELL was modtfiedto iteratethis
procedure,so that the assignmentofcells to thejet is madeconsistentwith the
finaljet axis.

Eventswere kept only if the modified LUCELL jet-finder found two jets.
The jets were requiredto containmore thanoneparticle, to eliminatea small
fraction of eventsin which an apparent“jet” was actuallyascatteredelectron.
Suchdeepinelasticscattering(DIS) eventswill bediscussedseparatelybelow.A
cut t7J~< 2.7 wasimposedto avoidtheextremeforwardandbackwarddirections
which areexperimentallyinaccessible.In orderto emphasizetwo-jet physics,the
axesofthe twojetswererequiredto be back-to-backin q~within ±29°,andtheir
observedenergieswererequiredto be approximatelyequal:

— E4~2~j< [E4.’~E4.2~11/4 (1

in GeV = 1 units. (A cut on the magnitudeof the sum of the two jet trans-
versemomentumvectorsin place of the last two cutswould havebeensimilar
and perhapsslightly more to the point.) There is no ambiguity in associat-
ing the momentumvectorsof thejets that survivethesecutswith thoseof the
hard-scatteredpartonsin the MonteCarlo, andtherebyidentifying the q or G
parentageof thejets.

To studythe featuresof thejets, cutsET > 12, 24, or 48GeVwere imposedon
theobservedjet transverseenergy.Thecorrespondingcrosssectionsareshownin
table1, alongwith thepercentagescontributedby themostimportantunderlying
hard-scatteringprocesses.The crosssectionfalls ratherrapidly with ET, so the
eventsin eachcategoryhavean averageET that is not far abovethe minimum.
The highestET region will requireconsiderablerunningtime atHERA, but it is
worth theeffort in partbecauseit will allow fuller comparisonwith jetsproduced
in e~escatteringatLEP andin up at the TEVATRON.

In order to avoid biasin generatingthe events,it is necessaryto allow broad
rangesin p.i

1iard (> 5, > 10, and > 20GeV respectively)for the 2 —* 2 hard
scatteringin PYTHIA. This canbe seenin fig. 1, wherethe main peakof the
distributionin pi1iard is closeto the observedjet ET, but thereis a tail extending
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TABLE I

Crosssectionsfor quark jets (aq) and gluon jets (aG) from two-jet events,andquark jets (aDjs)
from deep inelasticscattering.The majorhard-scatteringcontributorsto the two-jet crosssections

are also listed.

E~> 12GeV E~~t> 24GeV E~t>48GeV

Uq 3164pb 179 pb 3.7 Pb
yG —~ qq 46.3% 45.9% 39.3%
qG -. qG 25.4% 17.6% 8.0%
qq —, qq 19.1% 22.0% 23.2%
yq —. Gq 7.5% 13.2% 28.4%

1619 Pb 66 pb 1.4 Pb
qG —, qG 50.4% 47.4% 21.5%
GG -. GG 35.7% 17.9% 3.8%
yq —~ Gq 13.3% 33.9% 73.5%

ThIs 1520 pb 201 pb 21 pb

to smallp~ardthat presumablyreflects initial state radiation.This point was
overlookedin the eventgenerationof ref. [7].

Table 1 showsthatthe relativeimportanceof thevarious2 —* 2 hardscattering
processesvariesconsiderablywith jet E-r. Testingthe q/G ratio will therefore
test the QCDjet productiontheory in a highly non-trivial way.

Table 1 alsoshowsthecrosssectionforDIS eventsin whichascatteredelectron
is requiredto playthe role ofajet to satisfythe two-jet cuts. Eventsof this type
will beeasilydistinguishedfrom eventsin whichbothjetsarehadronic.Theycan
beusedasa sampleof essentiallypurequarkjets.TheDIS crosssectionsareseen
to besomewhatsmallerthanthe low-Q2two-jet crosssectionsatlow ET,but con-
siderablylargeratlargeET. (TheDIS crosssectionsgiven hereareapproximate,
sincethe DIS theoryusedby PYTHIA presumablyassumesQ2 <<E.~.)

3. Quark/gluon jet discrimination

We wish to look atfeaturesthatare internalto the observedjet, i.e. thatare
basedonly on the particleswithin thejet cone.Fourvariablesfor distinguishing
betweenquark jets and gluon jets were found particularly useful in previous
studies,andhavebeenfoundagaintobesuccessfulhere.A newjet discrimination
variable,which is relatedto the theoreticallyinterestingdependenceofjet ET
on conesize [121, hasalsobeenfounduseful.

Thefirst threevariablesuseonly the ETdepositedin each0.1 x 0.1 calorime-
ter cell as input information. In computingthesevariables,all cells with ET <

100MeVwere ignored. The remainingtwo variablesmakefull useof the mo-
mentaof the final-stateparticles.
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Fig. 1. Histogramof the transversemomentum~
4ard of the underlyinghard scattering, for jets

with specific values of observed ET.
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(1) Nx is definedby addingup the ET’s of all cells within thejet cone;then
addingthemup againin descendingorderofET andcountingthenumberNx of
cells necessaryto includeall but XIE~of the total. HereI useX = 0.5 GeV”2.
Nx can be assigneda fractionalpart by interpolatingto handlethe last partial
cell, but that is not essential— particularly if abin width of 1 is used.

(2) S is definedas the meansquaredradiusof thejet in (i~,/) space.Specif-
ically,

s= ((~_~J)2+ (~_~~)2), (2)

wherei~ = (ii), ~j = (~),and (•..) is definedas the ET-weightedaverageover
cells insidethejet cone.

(3) Nceiis is definedas simply the numberof calorimetercells with ET >

100MeV insidethejet cone.
(4) Nparticies is definedas the total numberof final particleswithin the jet

cone. (This was donewithout subtlety: t~~swere countedas two, for example,
becausetheyappearas two photons.Usingthechargedmultiplicity insteadleads
to similar results,however.)

(5) rx is definedas the radiusof a “small” conethat containsall but XS/E~
of the total ET in the original cone. This variable is similar in spirit to Nx,
andI againchooseX = 0.5GeV”2. (As the coneradius is reduced,it seems
naturalto continually adjust the axis accordingto the ET-weightedaverageof
particleswithin the current cone.Justkeepingthe original axis fixed leadsto
nearlyidentical results,however.)

All five of thesevariablesshow significant differencesbetweenquarksand
gluons,as shownin figs. 2—6. Eachdistribution peaksat a largervaluefor gluons

than for quarks,asexpectedfrom the strongerbranchingof gluonsin QCD. The
differencesshownwill allow oneto discriminatebetweenquarksandgluonson
a probabilisiticbasis:accordingto any one of the variables,somejets canbe
identified as very likely q, while othersarevery likely G, andstiH othersare
moreor lessambiguous.

A specialadvantageof the discriminationvariable Nx canbe seenin fig. 2:
thepoint at which the q- andG-curvesintersectis only mildly dependenton jet
ET. This is in contrastto theET-dependenceof cross-overpoints for the other
variablesseenin figs. 3—6. It meansthat Nx is especiallywell suitedto q/G

discriminationin samplesof jetscontaininga broadrangeof ET.
The quark/gluondifferencesappearingin figs. 2—6 canbe quantifiedin the

following manner.First imagineapplyinga cut Nx ~ 5 in fig. 2. By integrating
thehistogramoverthat regionof Nx, this cut is foundto preservea fractionFq =

0.43of thequarksanda fraction FG = 0.11 of thegluons. (If oneis particularly
interestedin quarks,for example,one saysthat the cut hasan efficiency Fq =

43% and that it suppressesthe background/signalratio by FG/Fq = 0.25.)
Different choicesfor the cut in Nx leadto different pairs (Fq,F

0). The results
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Fig. 2. Histograms of the q/G discrimination variable Nx the numberof calorimetercellsneeded
to include all but 0.5~/E~of the total jet ET: quarks (solid), gluons (dashed).Eachdistribution

is normalizedto unit probability.
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of all possiblecutsin Nx canbe displayedin a discriminationgraph of Fq versus
FG. Thisgraph completelycharacterizesthe ability to distinguishquarksfrom
gluonsby meansof the variableNx*.

Discriminationgraphsareshown in fig. 7 for eachof thefive variablesin each
of threeregionsof jet ET. The quality of discriminationis representedby the
deviationof the curvesfrom the diagonalline F1, = FG that would represent
no discriminationat all. One seesthat eachvariableprovidesa good dealof
discrimination,with relatively smalldifferencesin qualitybetweenthevariables,
especiallyfor Fq <0.5. In moredetail,Nx andthe very simplevariableNceiis are
almostequallyeffective— somuchsothat theyarebothrepresentedin fig. 7 by
solid curveswhich aremostly unresolved.Nparticies is aboutequallygood,while

— + (~— ~ is slightly betterat E.r “.~ 12GeVandslightly worseat
ET 48 GeV. rx is similarly goodat smallFq, especiallyatlow Er, but becomes
ineffective atlargerFq.

Fig. 7 alsoshowsthat theq/G discriminationis betterat smallFq: it is easier
to recognizequarksthan gluons. For exampleat E~,?t> 48GeV, to selectquarks
with an efficiencyof 20%,onecanobtain F,, = 0.20 andFG = 0.026 (via the
cut Nx < 3.5). This keeps20% of the quarkswhile suppressingthe gluonsby a
factorFG/Fq = 0.13. On the otherhand, to selectgluons with that efficiency,
onecanobtainFG = 0.20 and F,, = 0.048 (via the cut Nx> 14.5).This keeps
20% of the gluonswhile suppressingthe quarksby only a factor Fq/FG = 0.24.

The five q/G discriminationvariablesare fairly strongly correlated,as one
could see from scatterplots. The correlationis by no meanscompletehowever.
As a specificexample,atE~t>24GeVthe cutsNx <6.2and Nceiis ~ 11 each
keep58.9%of quarksand 19.7%of gluons. Thesecutsdo not keepexactlythe
sameevents,for only 53.6%of q and 16.1%of Gpassbothof them. (Onemight
imagine that better discrimination could be obtainedby requiring both cuts,
but the truth is thata tighter cut on Nx aloneyields asmallerFG for the same
Fq. Theredoesnot seemto be any way to combinetwo or moreof the above
variablesinto a single “super-variable”which worksmuch betterthananyone
of them alone.A numberof attemptsto makeuse of chargepatternsamongthe
leadingparticlesin thejet alsoled to nothingvaluablefor q/G discrimination.
This agreeswith the resultof ref. [131.)

Fig. 8 showsthediscriminativeability ofN~for thethreeEr rangesof fig. 7 on
a singleplot. It showsthat theability to distinguishbetweenquarksandgluons
improveswith increasingjet FT.

Fig. 8 alsoshowsthe Nx discriminationfoundin apreviousstudy [3] for jets
with 40 < FT < 60GeV. This curve was obtainedfor up scatteringat ~ =

1800GeV insteadof e p scatteringat ~ = 314GeV, usinga moreelaborate

* This method for comparing two histograms is useful in many contexts,and should be made

easily available in general software tools for the analysisof histograms!
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jets obtainedusing HERWIG for pp scatteringat .~/i= 1800GeY [3].

jet-finder, and usingthe simulation programHERWIG instead of PYTHIA.
Theapproximateagreementwith the ET > 48 GeVcurvethereforesupportsthe
consistencyand universalityofour discriminationprocedure.At smallF,,, which
correspondsto smallNx, onecanseehoweverthat the previousstudypredicts
somewhatlargerdifferencesbetweenq-jetsandG-jets.Thismayreflect intrinsic
differences[9,14] betweenHERWIG andPYTHIA.

4. Experimental tests

Studyingquark/gluondiscriminationwith MonteCarlo eventsis relatively
easy,becausethe true q- or G-identity of the parentof eachjet is knownin the
simulation.Testingagainstexperimentis anothermatter.Onepossibility is to
obtainindependentlytaggedsamplesof quarkjets andgluonjets by observing
electronsor muonsthatappearas a resultof weakdecaysin b- andc-jets [101.
This hasbeenappliedto e+e’ —* three-jetevents,alongwith the assumption
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that the softestjet comesfrom a gluon [10,15]*~

Here I proposea different methodfor testing quark/gluonidentification,
which is convenientfor HERA data.The methodis basedon the differentpseu-
dorapidity dependenceof quark andgluon jet production.Predictedii., distri-
butionsare shown in fig. 9 for jets from the two-jet eventsthat passour cuts.
Note thatpositive,~is favoredbecausethe energyof the initial protonis much
largerthan thatof the initial electronat HERA.

To makea Specificexperimentalproposal,considertheEr > 12GeVjet sam-
ple. The 25% of thesejetshavingthe lowest l7j (i~j< 0.4) contains19%gluons
accordingto the simulation. Distributions from this samplecanbe compared
with thosefrom the 25% of jets having the highest ij.j (~j > 1.9). That sample
contains47% gluonsaccordingto the simulation.The gluon fractionsin these
two n-regionsaresufficiently differentthatthe intrinsic quark/gluondifferences
shouldbe observable.This is shown in fig. 10 for Nx.

Similarly for the ET > 24GeV jet sample: the 25% of jets with lowest ~
(~< 0.6) contains 14% gluons, while the 25% with highest i)J (17J > 1.8)
contains38%gluons.TheNx distributionscorrespondingto thesecutsalsoshow
acleardifferencein fig. 10. It will beinterestingto lookfor thesedifferences,and
the correspondingdifferencesfor the othervariablesof sect.3 experimentally.
Thisis theessentialexperimentalproposalofthispaper.A quantitativemethodto
analyzethedifferenceswouldbeto comparethehistogramsfrom thetwoextreme
i~j-regionsusingdiscriminationgraphsanalogousto fig. 7. Thedistributionsin
Nx andthe othervariableswithout is-cutsareof courseimportantto measure
also, sincethey aresensitiveto the overall q/Gratio andto the overall amount
of branchingin the developmentof QCD showers.

A furtherpossibleexperimentaltest would be to useDIS eventsin which a
deeply-inelasticscatteredelectronis observedand the associatedhigh ET jet
presumablybeganas a quark. Onecould evenparametrizethe distribution in
a particular variablesuch as Nx separatelyfor q andG, andfit the threejet
samples(low i~,high ij, DIS) to measurethe gluon fraction in the low-i’ and
high-ij regions.Theassumptionthattheaveragebehaviorof quarkjetsandgluon
jets doesnot vary with ij, and that the characteristicsof quarkjets from two-
jet eventsare the sameas thosefrom DIS is crucial to this andto the above
experimentaltests. I haveverified theseassumptionsusingthe simulation.

In thispaper,high-ETjetshavebeenstudiedoneat atime. Furtherworkcould
be doneby applyingthe q/G discriminationvariablesto both jets in the two-
jet eventssimultaneously.Onecould therebyhopeto measureindividual cross

* A study [10] of this typeat LEP found only small differencesin charged-particlemultiplicities

betweenq- and G-jets, which would seemto be in conflict with our results in fig. 5. However, the
experimental data are consistent with a PYTHIA simulation that includes the tagging procedure
and a detectorsimulation, so thereis no experimentalreasonto doubt our~results,which are also
basedon PYTHIA.
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Fig. 9. Crosssectionsfor quark jets (solid) andgluon jets (dashed),with correct relativenormal-
ization, asa function of pseudorapidity.
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sectionsfor eachof the possiblefinal-statecategoriesqq + q~+ ~, Gq + Gq,
andGG. A further classificationof the final statescould be madeaccording
to the presenceor absenceof a hadronicremnantjet in the electrondirection,
which signalsa “resolved” or “unresolved”photonprocess[161.

I thank D. Monaldi and S.Ellis for useful and interestingdiscussions,S. Bethke
andJ. W. Garyfor informationabouttheOPAL results,andDESY for support-
ing my sabbaticalvisit.

References
[I] G. Marchesini,B. Webber, G. Abbiendi, I. Knowles, M. SeymourandL. Stanco,HERWIG

Version 5.4 (January 1992), Comput.Phys.Commun.67 (1992) 465
[2] H.-U. Bengtssonand T. Sjöstrand,Comput. Phys. Commun. 46 (1987) 43; PYTHIA 5.6

manual;JETSET7.3 manual;
T. Sjästrand,PYTHIA atHERA, CERN-TH.6365January1992,Proc.Workshopon Physics
at HERA, Hamburg,October 1991,ed. W. BuchmüllerandG. Ingelman,to be published

[3] J. Pumplin, Variables for distinguishingbetweenquark jets and gluon jets, in Proc. 1990
DPFSnowmassSummerStudyon High energyphysics;Phys.Rev. D44 (1991)2025; D45
(1992) 806

14] L. Lönnblad, C. Petersonand T. Rognvaldsson,Phys. Rev. Lett. 65 (1990) 1321; NucI.
Phys.B349 (1991) 675

[5] L.M. Jones,Phys.Rev. D39 (1989) 2550; D42 (1990) 811
[6] Z. Fodor, Phys. Lett. B263 (1991) 305;

I. Csabai,F. Czako and Z. Fodor Nucl. Phys. B374 (1992) 288
17] G. Barbagli, G. D’Agostini and D. Monaldi, Quark/gluon jet separation in the

photoproduction region with a neural network algorithm in Proc. Workshop Physicsat
HERA (Oct 29—30, 1991), ed. W. Buchmüller and G. Ingelman

18] H. Baer,J. Ohnemus and D. Zeppenfeld, Z. Phys. C43 (1989) 675
[9] PD. Acton et al., Z. Phys. C53 (1992) 539;

S. Bethke and J. Pilcher,Testsof perturbativeQCD atLEP, preprintEFI 92-14 (Feb. 1992)
Ann. Rev. Nucl. Part. Sci., to bepublished

[10] 0. Alexander et al. (OPAL Collaboration), Phys. Lett. B265 (1991) 462
[II] M. Drees and K. Grassie,Z. Phys.C28 (1985) 451
[12] F. Abe etal. (CDF Collaboration),Phys.Rev. Lett. 68 (1992) 1104;

F. Aversaet al., Z. Phys. C49 (1991)459;
S. Ellis, Z. Kunst and D. Soper,Phys.Rev. Lett. 64 (1990) 2121

[13] S. Hayward andN. Weiss,Phys. Rev. D45 (1992) 2360
[14] M.A. Graham,L.M. Jonesand P.R. Daumerie,Comparisonof jet fragmentationschemes,

Illinois University preprint ILL-TH-91-16-REV, November1991
[15] Y. Kim et al. (AMY Collaboration), Phys. Rev. Lett. 63 (1989) 1772
[16] 0. D’Agostini and D. Monaldi, Identification of high pi jet eventsproducedby a resolved

photon at HERA, Proc. Workshop Physicsat HERA (Oct 29-30, 1991) ed. W. Buchmüller
and G. Ingelman


