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Abstract
Experimentatesultsonheary avourproductionatHERA arereviewedin the
context of theirrelevancefor future measurementstthe LHC.

1 Intr oduction

Measurementsf heary avour productionat HERA can have signi cant impactson the preparation
andunderstandingf heary avour measurementstthe LHC, andon theunderstandingf background
processe$o new physicsdiscoreries[1]. The purposeof this contritution is to summarizethe current
statusof heary avour measurementat HERA, andprovide an outlook on how they mightimprove in
the nearfuture. The relationof thesemeasurement® measurementat the LHC will be coveredin
moredetailin subsequerntontritutions[2—4]. Sincethetop quarkis too heary to be producecat HERA
with a signi cant rate,theterm“heavy avour” refersto bandc quarksonly. Thedominantdiagramfor
heary avour productionat HERA is shavn in Fig. 1. Thetheoryof heary quarkproductionat HERA
is coveredin thetheoreticakeview section[5].
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Fig. 1: Feynman graph for the production of a heavy quark pair via the leading order boson-gluon-fusion (BGF)
process.

Theinterestin heary avour productionarisesfrom seseralaspects.

— Taggingaheary avourparticle,e.g.insideajet, establishethatthisjet arisedrom aquarkrather
thanagluon. Thenumberof possibleQCD diagramss thusreducedandspeci ¢ QCD nal states
canbe studiedmorepreciselythanin inclusve measurementslhis is even moretrue whenboth
quarksof aheary avourquarkpair canbetagged.

— Thecharmandbeautymassegmy; m¢ ocp) provide enegy scaleswhich arelarge enough
to allow perturbatie calculationsusinga “massve” schemd6, 7]. All QCD-processemvolving
heary quarksshouldthusbereliably calculable.However, thesemassscalesoften competewith
otherscalesoccurringin the sameprocesssuchasthe transversemomentum(pt) of the heary
quarks,or thevirtuality of the exchangedhoton,Q?. Sincethe perturbatie expansioncannotbe
optimizedfor all scalesatonce,additionaltheoreticalincertaintiegnterwhich reducehereliabil-
ity of the predictions.If oneof thecompetingscaleqpr; Q?) is muchlargerthanthe quarkmass,
approximationsn which the heary quarksaretreatedas massles$8—14] canimprove therelia-
bility. Mixed schemeg15-17] arealsopossible. Understanding@andresolvingthesedif culties
shouldcontritute to the understandingf multi-scaleproblemsn general.



— Taggingthe nal statealsoconstraingheinitial state.Thereforeheary avourmeasurementsan
beusedto measurer constrainpartondensityfunctions.In particular Fig. 1 illustratesthe direct
sensitvity to the gluondensityin the proton. Alternatively, in appropriat&kinematicrangesthe
initial statesplitting of thegluonor photoninto a heary quarkpair canbeabsorbednto the parton
densityde nition. If the masscanbe ngylected,the samediagram(or higherordervariantsof it)
canbereinterpretechsaway to measurghe heary avour contentof the protonor of the photon.
Thesecanin turn beusedto calculatecrosssectiongor otherprocessesuchasHiggsproduction
attheLHC.

— Theproductionof “hidden” heary avour stategquarlonia)yieldsfurtherinsightsinto theinter
play of (perturbatie) heary quarkproductionand(non-perturbatie) binding effects.

At HERA, the fraction of charmproductionvs. inclusve QCD processess of order 10% in
the perturbatie QCD regime. Reasonablyarge samplescan thereforebe obtaineddespitethe par
tially ratherlow taggingefciency. Beautyproductionis suppressedavith respectto charm produc-
tion by the larger b mass,andby the smallercouplingto the photon. The resultingtotal crosssection
is two ordersof magnitudesmallerthanthe one for charm. Beautystudiesat HERA are thus often
limited by statistics. Kinematically beautyproductionat HERA is similar to top productionat LHC
(mp="SheEra M= Sy c). Ontheotherhand,in the “interesting” physicsregion beautyis pro-
ducedascopiouslyatthe LHC ascharmis at HERA.

2 Opencharm production

Charmedmesonsaretaggedat HERA in differentways. A typical massdistribution for the “golden”
channeD * ! D° *:D°%1 K * (+c.c.)is shavnin Fig. 2 [20]. Despitethelow branchingratio,
this channelyieldslarge statisticscharmsamplef high purity. Fig. 3 [21] shavs a correspondindp*

productioncrosssectionin photoproductiotior differentkinematicvariables. In general D* production
is well describedy next-to-leadingorderQCD predictionsalthoughthedataoftenprefertheupperedge
of the theoreticalerror band. Somedeviationsare obsered in particularregions of phasespace. For
instancethereareindicationsthatforward (i.e. in the directionof the proton)charmproductionmight
be slightly larger thantheoreticalexpectationgFig. 3b). Also, thereareregionsof phasespacewhich
effectively requirefour-body nal stateswhich arenotcoveredby NLO calculationgseeFig. 5in [1]).

In orderto describesuchphasespaceaegions,eitherNNLO calculationspr partonshaver extensiongo

NLO calculationssuchasMC@NLO [18,19] will beneeded.

Otherwaysto tag charminclude the reconstructiorof a secondaryertex in a high resolution
Micro-Vertex-Detector(MVD) in additionto thereconstructiorof acharmedmesommass(Fig. 4) [22],
or the reconstructiorof inclusive multiple impact parametersesultingfrom the nite charmmeson
lifetime. A resultingcrosssectionfor D* productionis shavn in Fig. 5.

Sincethe charmmassof approximatelyl.5 GeV is not very muchabove the thresholdat which
perturbatie calculationsare believed to producereliableresults,the generallygood agreemenof per
turbative QCD predictionswith the datais highly nontriial, andencouragingoncerninghe validity of
correspondingredictionsfor the LHC.

3 Openbeauty production

Openbeautyproductionis detectedat HERA using essentiallythreedifferentmethods relatedto the
large b massor long b lifetime.

— If ajetis built out of the fragmentatiorand decayproductsof a b meson/quarkthe trans\erse
momentumof the decayproductswith respectto the jet axis will be of order half the b mass.
This s signi cantly largerthanfor decayproductsof charmparticles,or the transersemomenta
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Fig. 2: Total inclusive D sample obtained by ZEUS for the HERA 1 data period in the golden decay channel
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inducedby non-perturbatie fragmentatioreffects, which areboth of order1 GeV or less. This

distribution of this transversemomentum,called p’Te', canthusbe usedto measurethe beauty
contritution to agivenjet sample.

Due to the CKM-suppresseaveakdeay of the b quark,the lifetime of b hadronss longerthan

thatof charmedparticles. Furthermorethe larger decayangledueto the larger massresultsin a

highersigni canceof thedecaysignature Detectorswith aresolutionin the100 regionor better
canthusseparatéhe beautycontrikution from charmandlight a vour contritutions.

Againdueto theirmasshbhadrongake alargerfractionof theavailableenepgy in thefragmentation
processFurthermorethey producedecayproductswith sizeabldransersemomenturrevenwhen

producedcloseto the kinematicthreshold. Simple lower cuts on the transersemomentumof

suchdecayproductsthereforeenrichthe beautycontentof a sample.Applying suchcutson two

differentdecayproducts(doubletagging)oftensufciently enricheshe beautycontentsuchthat

the remainingbackgroundcan be eliminatedor measuredy studyingthe correlationbetween
thesedecayproducts.

An examplefor ananalysisusingthe rst two methodswith muonsfrom semileptonid decays

is shawn in Fig. 6 [23]. Somecrosssectionsresultingfrom this type of analysisare shavn in Fig. 3
of [1]. In generalreasonablegreements obsered betweenthe dataand correspondindNLO QCD
predictionsalthoughasin thecharmcase thedatatendto preferthe upperedgeof thetheoreticakrror

band

. In someregions of phasespace,e.g. atlow p; or high  differencesof up to two standard

deviationsareobsered. More precisemeasurement&ection8) will beneededo decidewhetherthese
deviationsarereally signi cant.

An examplefor ananalysisusingthe 2nd methodonly is shavn in Fig. 7 [24], while anexample

for ananalysisusingthethird methodis shavn in Fig. 8 [25].
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Fig.3: D  single differential cross sections in photoproduction as function of the D transverse momentum and
pseudorapidity. The measurements are compared to NLO calculations in the massive (NLO), massless (NLL) and
mixed (FONLL) scheme.

Figure9 shavs asummaryof thedata/theorgomparisorior all HERA beautyresultsasafunction
of Q2. For themeasurementsensitve to b quarkswith p$ my, or lower (black points)thereis atrend
thatthe“massie” NLO QCD predictiong7] tendto underestimatéhe b productionrateat very low Q2.
Dependingonthechosersetof structurgfunctionsandparametersa“mixed” prediction(VFNS)[16,17]
might describethe databetter For the higher pr measurementéed/gre points), no cleartrendis
obsered. Notethattheoreticakrrors,which aretypically of order30%,arenotshavn. Fig. 10shavs a
similar compilationfor all HERA measuremenis photoproductiofQ? < 1 GeV),now asafunctionof
theb quarkpr. A similartrendis obseredtowardslow pt (but notethat severalmeasurementappear
in both gures). Again, moreprecisemeasuremen@eneededo determinevhethertheserendscanbe
con rmed.

4 Quarkonium production

Inelasticheary quarlonia, like opencharmandbeautyproduction areproducecat HERA via theprocess
of photon-gluorfusion. Thetwo charmor beautyquarkshadronizeto form a charmoniunor bottomo-
nium state.
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Fig. 4: D* mass peak in H1 before (left) and after (right) a cut on the decay length significance.
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Fig. 6: Distributions of the impact parameter
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A numberof modelshave beensuggestedo describeinelastic quarlonium productionin the
framework of perturbatie QCD, suchasthe colorsingletmodel (CSM) [33,34], the color-evaporation
model[35, 36] andsoft color interactiong37]. Comprehense reportson the physicsof charmonium
productionareavailable[38,39].

Recentlytheansatzf non-relatvistic quantumchromodynamic$NRQCD) factorizationwasin-
troduced. In the NRQCD approachnon-perturbatie effects associatedvith the binding of a qq pair
into a quarlonium are factoredinto NRQCD matrix elementghat scalein a de nite mannerwith the
typical relative velocity v of the heary quarkin the quarlonium. This way, colour octetquark anti-
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quarkstatescarryingdifferentangularmomentaandcolor chagesthanthe quarlonium, cancontritute
to the charmoniumproductioncrosssection. Theoreticalcalculationsbasedon the NRQCD factoriza-
tion approacH40-42] are availablein leadingorder[43-48]. In the NRQCD factorizationapproach
thesizeof the color octetcontrikutions,which aredescribedy long distancematrix element{LDME),
areadditionalfree parameterandhave beendeterminedn ts to the Tevatrondata[49]. TheNRQCD
factorizationapproachncorporateshe color singletmodeli.e.the stateqq[1; 2 S1] which is recoreredin
thelimit in whichthelong distancematrix elementdor otherqq stategendto zero.

At HERA, crosssectionaneasurement®r photoproductiorof J= and (2S) andfor electro-
productionof J= mesonshave beenperformed[52-55]. Bottomoniumdataare not available dueto
statisticallimitations of the data.

ForJ= and (2S) photoproductiongalculationsof the color-singletcontritution areavailable
to next-to-leadingorderperturbatiortheory[50,51]. Calculationswvhichincludethe color octetcontri-
butionsaspredictedoy NRQCDareavailablein leadingorder

Figure11 shavs the measurementsf theJ= photoproductiorcrosssectionby the H1 collabo-
ration[52] andthe ZEUS collaboration53] which arein goodagreementvith eachother Thevariable
z (left gure) denoteghefractionof the photonenegy in the protonrestframethatis transferredo the
J= . Reasonablagreements found betweenthe HERA dataandthe NRQCD factorizationansatzn
leadingorder(LO, CS+CO).Theuncertaintyindicatedby the openbandis dueto the uncertaintyin the
coloroctet NRQCD matrix elements.In contrastthe shadedbandshaws the calculationof the color
singletcontritution (NLO, CS)which is performedto next-to-leadingorderin ¢ [50,51]. This NLO,
CScontrilution alonedescribeghe dataquite well withoutinclusionof coloroctetcontritutions. Com-
parisonbetweenthe NLO,CS prediction(shadedband)andthe LO,CS prediction(dottedline) shavs
thatthe NLO correctionsarecrucialfor the descriptionof theHERA photoproductiorata.
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Charmoniumproductioncrosssectionshave alsobeencalculatedn thek; factorizationapproach
(seeRefs.[56-58]). In thesecalculationsthe colorsingletmodelis usedto describethe formation of
the charmoniumstate. Figure 12 shavs a comparisorof the H1 datawith the predictionsfrom the k;
factorizationapproachasimplementedn the Monte CarlogeneratolCASCADE [59]. Goodagreement
is obsered betweendataand predictionsfor z < 0:8. At high z values,the CASCADE calculation
underestimatethe crosssection. The CASCADE predictionsfor the the ptz; dependencef the cross
sectiont thedataconsiderablpetterthanthe LO,CScalculationin thecollinearfactorizatiorapproach
(dottedcurwe in Fig. 11).

In g 13 the differential crosssectionsfor electroproductiorof J= mesonsas measuredy
H1 [54] and ZEUS [55] are shavn as a function of z and comparedwith predictionsfrom the color
singletmodel (shadedband),with the NRQCD calculation[60] (CS+CO,openband),and also with
calculationsin the k; factorizationapproach/dottedline) asprovided by [58] andimplementedn the
Monte CarlogeneratolCASCADE (dash-dottedine).
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In theleft gure thedataareseento agreewell with the predictionsusingthe color singletmodel
(shadedandandlines)while the full NRQCD calculation(openband),including coloroctetcontritu-
tionsis wrongin shapeandnormalization. The agreementleterioratesvhenthe cut pt;2 > 1GeVis
applied(right Fig.13). This cutis justi ed, however, astowardssmallpt;2 perturbatiortheorybecomes
increasinglyunreliabledueto collinearsingularitiesfor the contritutionse+ g! e+ cc[n] + g with

nzjsc(,s) and3PJ(8) [60].
In conclusion NRQCD, as presentlyavailablein leadingorder doesnot give a satishctory de-
scriptionof the HERA data. In contrastthe color singletmodelshavs a reasonabl&escriptionof the

HERA data,whenimplementedn calculationgo next-to-leadingorderperturbatiortheoryor in calcu-
lationsin which thek;-factorizatiorapproachs used.

5 Charm and Beauty contributions to structur e functions

To a goodapproximationgxceptat very high Q2, the crosssectionfor inclusive deepinelasticelectron
scatteringoff the protonat HERA canbedescribedn termsof a singleprotonstructurefunctionF , (for
formulasee[1]). This structurefunctiononly dependsn the photonvirtuality, Q2, andon the Bjorken
scalingvariablex. Assumingthatthe electronscatteroff a singlequarkin the proton(0th orderQCD,
quark-partormodel)x canbereinterpretedsthefractionof theprotonmomentuncarriedby thestruck
quark.Thisis areasonablapproximatiorfor thelight quarkcontentof the proton.

For heary quarks,the situationis a bit morecomplicated.Dueto the heary quarkmasson-shell
heary quarkscannot exist within the proton. Rather the dominantprocesdor heary quarkproduction
is the 1storder QCD BGF procesddepictedin Fig. 1. However, this procesgandotherhigherorder
processesstill contributesto electronscatteringandhenceto F,. This canbeinterpretedn two ways.

In the massie approximation,heary quarksare treatedas being produceddynamicallyin the
scatteringprocess.The heary quarkcontrilution to F», frequentlydenotedas F5° and szb, therefore
indirectly measureshe gluon contentof the proton. If Q2 is large enoughsuchthatthe quarkmasscan
be neglected(Q? (2mQ)2), the splitting of the gluoninto a heary quarkpair canbereinterpretedo
occur within the proton. F5° and szb thenmeasurehe occurrenceof virtual heary quarkpairsin the
proton,or the“heavy quarkstructure”of the proton.
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For charmproduction the conditionQ?  (2mg)? is valid for a large partof the HERA phase
space For beautyit is only satis edatverylarge Q2. Thisis alsotheregion mostinterestingor physics
attheLHC.

Similar agumentshold for the heary quarkstructureof the photon.

As anexample Fig. 14[24,31,61-63] shavs F ;¢ asmeasurethy theZEUSandH1 collaborations.
A differentrepresentationf theseresultsis shavn in Fig. 6 of [1]. There,alsoF2bb is shavn. Good
agreemenis obseredwith QCD predictions.Parametrizationsf heary quarkdensitiesof the protonat
LHC enegiesshouldthereforebe valid within their respeciie errors.

6 Charm fragmentation

The large crosssectionfor charmproductionat HERA allows measurementsf charmfragmentation
which arevery competitve with e e measurementds this topicis coveredvery nicelyin [1] and[2]
it is nottreatedfurtherhere.
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7 Quark-antiquark correlations

Heary quarksarealwaysproducedn pairs. An interestingway to checkQCD is thusto verify whether
thekinematiccorrelationdbetweerthe quarkpair arecorrectlydescribedy QCD.

Figure 15 shaws differentinterpretationsof the samehigher order beautyproductionprocess.
Thesedifferent interpretationgartially manifestthemseles in different kinematicregions of beauty
productionphasespacelf thehighestvirtuality partof the procesccursin theleadingorderBGF-like
subproces§eft), thetwo b quarkswill bealmostback-to-backn thedetectotranserseplane.Thetwo
extra gluonscan eitherbe reabsorbednto the protonstructure recorering the original BGF graph,or
manifesthemselesasvisible “partonshaver” actvity in thedirectionof theproton.Alternatiely, if the
dominanteadingordersubprocesis gluonexchangewith oneof theb quarks(right, “ a vour excitation
in thephoton”),thisb quarkwill recoilagainsi gluonjet. At sufciantly largemomentuntransfer(rare
at HERA), the secondb quarkcanbe treatedasa “spectator”,andwill approximatelyfollow the initial
photondirection. At next-to-leadingorder contritutionsto both processesire describedby the same
Feynmangraph,but the two extremekinematiccasegandall variantsin betweenarestill included. If
bothheary quarksaretagged thesedifferentkinematicregions canbe distinguishedoy measuringhe
momentumandangularcorrelationsbetweerthetwo quarks.

Figure 16 [25] shavs the angularcorrelationsbetweerthe two muonsoriginatingfrom different
b quarksof a bb pair. Reasonablegreements obsered with QCD predictions. The predominantly
back-to-backopologycom rms the dominanceof the BGF-like contritution.

8 HERA Il prospects

Both the HERA collider andits detectorshave beenupgradedn 2001/2to provide more luminosity
with polarizedelectronbeamsandimprove heary avour detection.This programis calledHERA II.

The luminosity accumulatedo far alreadyexceedsthe HERA | luminosity An integratedluminosity
up to 700 pb ! is expectedat the end of the HERA programin 2007. This enhanceshe statisticsfor
mary studiesby almostan orderof magnitudewith respecto HERA I. The improved detectorsoffer
further handlesfor improved heary avour measurementsH1 hasimproved the forward coverageof
its Micro-Vertex-Detector[68], andaddeda FastTrack Trigger [67]. ZEUS hasimplementeda Micro-
Vertex-DetectoMVD) [65] for the rst time for HERA Il, andhasaddedanupgradedorwardtracking
detecto[66]. Theseémprovementsallow theapplicationof measuremeriechniguesvhich couldnotbe
usedat HERA I, andcanbe usedto improve the dataquality, addadditionalstatisticsand/orcover new
phasespaceegions.
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Fig. 16: Differential cross section d =d for dimuon events from bb decays in which each muon originates
from a different b(b) quark. The data (solid dots) are compared to the leading order + parton shower generators
PYTHIA and RAPGAP (histogram) and to massive NLO QCD predictions (shaded band).

ZEUS

® ZEUS (prel.) 2004
25 ® ZEUS 96-00
=3 NLO QCD x had

doldp (pb/GeV)

20
ST SR S .

10

3 4 5 6 7 8 9 10
Pt (Gev)

Fig. 17: Differential cross section as function of muon py for dimuon + jet events in photoproduction. Preliminary
results from the first 33 pb * of HERA II data are compared to HERA 1 results and QCD predictions.

New detectorsequiretime to fully understandheir systematicshut rst preliminaryresultshave
alreadybeenobtained. Figure 17 [64] shaws the crosssectionfor beautyproductionobtainedusing
the nev ZEUS MVD with the rst 33 pb ! of HERA Il data,comparedo the HERA | result. Good
agreemenis obsered.

The measurementahich will prot mostfrom theimproved HERA Il datasetsincludedouble
differentialmeasurementuchasthebeautyandcharmcontritutionsto theprotonstructurefunctionF ,,
andmulti-tagmeasurement® explicitly studyquark-quarkcorrelations.Statisticalimprovementsof at
leastoneorderof magnitudecanbe expectedvhentheincreaseduminosityandimproved measurement
techniquesirecombined.

9 Conclusions

Heary avour productionat HERA is avery active eld of researclyielding multiple insightsinto the
applicability of perturbatie QCD. The problemof multiple scalescomplicateshe perturbatie expan-
sionsandlimits the achierable theoreticalprecision. In general,QCD predictionsagreewell with the
data,althoughindicationsfor deviationspersistin speci ¢ regionsof phasespace.Someof thesemight
beattributableto missingNNLO or evenhigherordercontritutions.



Theoverallreasonablagreementaswell asthe self-consistencof the structurefunctionstested
by or derived from heary avour productionat HERA, enhanceon dencein correspondingross-
sectionpredictionsat LHC, within their respectie theoreticauncertainties.
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