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Abstract
Experimentalresultsonheavy �a vourproductionatHERA arereviewedin the
context of their relevancefor futuremeasurementsat theLHC.

1 Intr oduction

Measurementsof heavy �a vour productionat HERA canhave signi�cant impactson the preparation
andunderstandingof heavy �a vour measurementsat theLHC, andon theunderstandingof background
processesto new physicsdiscoveries[1]. Thepurposeof this contribution is to summarizethecurrent
statusof heavy �a vour measurementsat HERA, andprovide anoutlookon how they might improve in
the nearfuture. The relationof thesemeasurementsto measurementsat the LHC will be coveredin
moredetailin subsequentcontributions[2–4]. Sincethetopquarkis tooheavy to beproducedatHERA
with a signi�cant rate,theterm“heavy �a vour” refersto bandc quarksonly. Thedominantdiagramfor
heavy �a vour productionat HERA is shown in Fig. 1. Thetheoryof heavy quarkproductionat HERA
is coveredin thetheoreticalreview 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 heavy �a vour productionarisesfrom severalaspects.

– Taggingaheavy �a vourparticle,e.g.insidea jet, establishesthatthis jet arisesfrom aquarkrather
thanagluon.Thenumberof possibleQCDdiagramsis thusreduced,andspeci�c QCD�nal states
canbestudiedmorepreciselythanin inclusive measurements.This is evenmoretruewhenboth
quarksof aheavy �a vour quarkpair canbetagged.

– Thecharmandbeautymasses(mb; mc � � QC D ) provide energy scaleswhich arelargeenough
to allow perturbative calculationsusinga “massive” scheme[6,7]. All QCD-processesinvolving
heavy quarksshouldthusbereliably calculable.However, thesemassscalesoftencompetewith
otherscalesoccurringin the sameprocess,suchasthe transversemomentum(pT ) of the heavy
quarks,or thevirtuality of theexchangedphoton,Q2. Sincetheperturbative expansioncannotbe
optimizedfor all scalesatonce,additionaltheoreticaluncertaintiesenterwhichreducethereliabil-
ity of thepredictions.If oneof thecompetingscales(pT ; Q2) is muchlargerthanthequarkmass,
approximationsin which theheavy quarksaretreatedasmassless[8–14] canimprove the relia-
bility. Mixed schemes[15–17] arealsopossible.Understandingandresolvingthesedif�culties
shouldcontribute to theunderstandingof multi-scaleproblemsin general.



– Taggingthe�nal statealsoconstrainstheinitial state.Therefore,heavy �a vourmeasurementscan
beusedto measureor constrainpartondensityfunctions.In particular, Fig. 1 illustratesthedirect
sensitivity to thegluondensityin theproton. Alternatively, in appropriatekinematicranges,the
initial statesplittingof thegluonor photoninto aheavy quarkpaircanbeabsorbedinto theparton
densityde�nition. If themasscanbeneglected,thesamediagram(or higherordervariantsof it)
canbereinterpretedasa way to measuretheheavy �a vour contentof theprotonor of thephoton.
Thesecanin turnbeusedto calculatecrosssectionsfor otherprocesses,suchasHiggsproduction
at theLHC.

– Theproductionof “hidden” heavy �a vour states(quarkonia)yieldsfurtherinsightsinto theinter-
play of (perturbative) heavy quarkproductionand(non-perturbative) bindingeffects.

At HERA, the fraction of charmproductionvs. inclusive QCD processesis of order 10% in
the perturbative QCD regime. Reasonablylarge samplescan thereforebe obtaineddespitethe par-
tially rather low taggingef�ciency. Beautyproductionis suppressedwith respectto charmproduc-
tion by the larger b mass,andby the smallercouplingto the photon. The resultingtotal crosssection
is two ordersof magnitudesmallerthan the one for charm. Beautystudiesat HERA are thus often
limited by statistics. Kinematically, beautyproductionat HERA is similar to top productionat LHC
(mb=

p
sH E RA � mt =

p
sLH C ). On the otherhand,in the “interesting” physicsregion beautyis pro-

ducedascopiouslyat theLHC ascharmis atHERA.

2 Open charm production

Charmedmesonsaretaggedat HERA in differentways. A typical massdistribution for the “golden”
channelD � + ! D 0� + ; D 0 ! K � � + (+ c.c.) is shown in Fig. 2 [20]. Despitethelow branchingratio,
this channelyieldslargestatisticscharmsamplesof high purity. Fig. 3 [21] shows a correspondingD*
productioncrosssectionin photoproductionfor differentkinematicvariables. In general,D* production
is well describedby next-to-leadingorderQCDpredictions,althoughthedataoftenprefertheupperedge
of the theoreticalerror band. Somedeviationsareobserved in particularregionsof phasespace.For
instance,thereareindicationsthat forward (i.e. in thedirectionof theproton)charmproductionmight
beslightly larger thantheoreticalexpectations(Fig. 3b). Also, thereareregionsof phasespacewhich
effectively requirefour-body �nal stateswhich arenot coveredby NLO calculations(seeFig. 5 in [1]).
In orderto describesuchphasespaceregions,eitherNNLO calculations,or partonshower extensionsto
NLO calculationssuchasMC@NLO [18,19] will beneeded.

Otherways to tag charminclude the reconstructionof a secondaryvertex in a high resolution
Micro-Vertex-Detector(MVD) in additionto thereconstructionof acharmedmesonmass(Fig. 4) [22],
or the reconstructionof inclusive multiple impact parametersresultingfrom the �nite charmmeson
lifetime. A resultingcrosssectionfor D + productionis shown in Fig. 5.

Sincethecharmmassof approximately1.5 GeV is not very muchabove the thresholdat which
perturbative calculationsarebelieved to producereliableresults,the generallygoodagreementof per-
turbative QCD predictionswith thedatais highly nontrivial, andencouragingconcerningthevalidity of
correspondingpredictionsfor theLHC.

3 Open beautyproduction

Openbeautyproductionis detectedat HERA usingessentiallythreedifferentmethods,relatedto the
largebmassor longb lifetime.

– If a jet is built out of the fragmentationanddecayproductsof a b meson/quark,the transverse
momentumof the decayproductswith respectto the jet axis will be of orderhalf the b mass.
This is signi�cantly larger thanfor decayproductsof charmparticles,or thetransversemomenta



Fig. 2: Total inclusive D �� sample obtained by ZEUS for the HERA I data period in the golden decay channel
D � + ! D 0� +

s ! (K � � + )� +
s .

inducedby non-perturbative fragmentationeffects,which areboth of order1 GeV or less. This
distribution of this transversemomentum,called pr el

T , can thus be usedto measurethe beauty
contribution to agivenjet sample.

– Due to theCKM-suppressedweakdeacy of theb quark,the lifetime of b hadronsis longerthan
thatof charmedparticles.Furthermore,the largerdecayangledueto the largermassresultsin a
highersigni�canceof thedecaysignature.Detectorswith aresolutionin the100� regionor better
canthusseparatethebeautycontribution from charmandlight �a vour contributions.

– Againdueto theirmass,bhadronstakealargerfractionof theavailableenergy in thefragmentation
process.Furthermore,they producedecayproductswith sizeabletransversemomentumevenwhen
producedcloseto the kinematicthreshold. Simple lower cuts on the transversemomentumof
suchdecayproductsthereforeenrichthebeautycontentof a sample.Applying suchcutson two
differentdecayproducts(doubletagging)oftensuf�ciently enrichesthebeautycontentsuchthat
the remainingbackgroundcan be eliminatedor measuredby studyingthe correlationbetween
thesedecayproducts.

An examplefor an analysisusingthe �rst two methodswith muonsfrom semileptonicb decays
is shown in Fig. 6 [23]. Somecrosssectionsresultingfrom this type of analysisareshown in Fig. 3
of [1]. In general,reasonableagreementis observed betweenthe dataandcorrespondingNLO QCD
predictions,although,asin thecharmcase,thedatatendto prefertheupperedgeof thetheoreticalerror
band. In someregions of phasespace,e.g. at low p�

T or high � � differencesof up to two standard
deviationsareobserved. Moreprecisemeasurements(section8) will beneededto decidewhetherthese
deviationsarereally signi�cant.

An examplefor ananalysisusingthe2ndmethodonly is shown in Fig. 7 [24], while anexample
for ananalysisusingthethird methodis shown in Fig. 8 [25].



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 showsasummaryof thedata/theorycomparisonfor all HERAbeautyresultsasafunction
of Q2. For themeasurementssensitive to bquarkswith pb

T � mb or lower (blackpoints)thereis a trend
thatthe“massive” NLO QCDpredictions[7] tendto underestimatethebproductionrateatvery low Q2.
Dependingonthechosensetof structurefunctionsandparameters,a“mixed” prediction(VFNS)[16,17]
might describethe databetter. For the higher pT measurements(red/grey points), no clear trend is
observed.Notethattheoreticalerrors,whicharetypically of order30%,arenotshown. Fig. 10shows a
similarcompilationfor all HERA measurementsin photoproduction(Q2 < 1 GeV),now asafunctionof
theb quarkpT . A similar trendis observed towardslow pT (but notethatseveralmeasurementsappear
in both�gures). Again,moreprecisemeasurementsareneededto determinewhetherthesetrendscanbe
con�rmed.

4 Quarkonium production

Inelasticheavy quarkonia,likeopencharmandbeautyproduction,areproducedatHERA via theprocess
of photon-gluonfusion. Thetwo charmor beautyquarkshadronizeto form a charmoniumor bottomo-
niumstate.
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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. 5: Cross sections for D + production in DIS. A leading order + parton shower QCD prediction (AROMA) is
shown for comparison.
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Fig. 6: Distributions of the impact parameter � of the muon track (left) and the transverse muon momentum
pr el

t relative to the axis of the associated jet (right) in H1. Also shown are the estimated contributions of events
arising from bquarks (dashed line), c quarks (dotted line) and the light quarks (dash-dotted line).
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Fig. 7: Upper left: significance S1 = � =� (� ) distribution per event for events that contain one selected track
associated to the jet axis. Lower left: significance S2 = � =� (� ) distribution per event of the track with the second
highest absolute significance for events with � 2 selected tracks associated to the jet. Right: S1 and S2 distributions
after subtracting the negatvie bins in the S1 and S2 distributions from the positive.
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Fig. 9: Ratio of beauty production cross section measurements at HERA to NLO QCD predictions in the massive
scheme as function of the photon virtuality Q2. Measurements with low pT cuts are shown in black, while mea-
surements with medium or high pT cuts are shown in red/grey. For more details see Table. The predictions from
the VFNS NLO calculations by MRST and CTEQ for the DIS kinematic regime Q2 > 2 GeV2 are also shown
(valid for comparison with the black low threshold points). Since theoretical errors are different for each point,
they are not included in this plot.

A numberof modelshave beensuggestedto describeinelasticquarkonium productionin the
framework of perturbative QCD, suchasthecolor-singletmodel(CSM) [33,34], thecolor-evaporation
model[35,36] andsoft color interactions[37]. Comprehensive reportson the physicsof charmonium
productionareavailable[38,39].

Recentlytheansatzof non-relativistic quantumchromodynamics(NRQCD)factorizationwasin-
troduced. In the NRQCD approachnon-perturbative effectsassociatedwith the binding of a q�q pair
into a quarkonium arefactoredinto NRQCD matrix elementsthat scalein a de�nite mannerwith the
typical relative velocity v of the heavy quark in the quarkonium. This way, colour octetquarkanti-
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Fig. 10: Ratio of beauty production cross section measurements in photoproduction at HERA to NLO QCD
predictions in the massive scheme as function of the transverse momentum of the b quark pT b. The dashed line
gives an indication of the size of the theoretical uncertianties.

quarkstates,carryingdifferentangularmomentaandcolor chargesthanthequarkonium,cancontribute
to thecharmoniumproductioncrosssection.Theoreticalcalculationsbasedon theNRQCDfactoriza-
tion approach[40–42] areavailable in leadingorder [43–48]. In the NRQCD factorizationapproach
thesizeof thecoloroctetcontributions,whicharedescribedby long distancematrix elements(LDME),
areadditionalfreeparametersandhave beendeterminedin �ts to theTevatrondata[49]. TheNRQCD
factorizationapproachincorporatesthecolor singletmodeli.e.thestateq�q[1;3 S1] which is recoveredin
thelimit in which thelongdistancematrixelementsfor otherq�q statestendto zero.

At HERA, crosssectionsmeasurementsfor photoproductionof J= and (2S) andfor electro-
productionof J= mesonshave beenperformed[52–55]. Bottomoniumdataarenot availabledueto
statisticallimitationsof thedata.

For J= and (2S) photoproduction,calculationsof thecolor-singletcontribution areavailable
to next-to-leadingorderperturbationtheory[50,51]. Calculationswhich includethecolor octetcontri-
butionsaspredictedby NRQCDareavailablein leadingorder.

Figure11 shows themeasurementsof theJ= photoproductioncrosssectionby theH1 collabo-
ration[52] andtheZEUScollaboration[53] which arein goodagreementwith eachother. Thevariable
z (left �gure) denotesthefractionof thephotonenergy in theprotonrestframethatis transferredto the
J= . Reasonableagreementis foundbetweentheHERA dataandtheNRQCDfactorizationansatzin
leadingorder(LO, CS+CO).Theuncertaintyindicatedby theopenbandis dueto theuncertaintyin the
color-octetNRQCD matrix elements.In contrast,the shadedbandshows the calculationof the color-
singletcontribution (NLO, CS)which is performedto next-to-leadingorderin � s [50,51]. This NLO,
CScontribution alonedescribesthedataquitewell without inclusionof color-octetcontributions.Com-
parisonbetweenthe NLO,CS prediction(shadedband)andthe LO,CS prediction(dottedline) shows
thattheNLO correctionsarecrucialfor thedescriptionof theHERA photoproductiondata.
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Charmoniumproductioncrosssectionshave alsobeencalculatedin thek t factorizationapproach
(seeRefs.[56–58]). In thesecalculationsthe color-singletmodelis usedto describethe formationof
the charmoniumstate. Figure12 shows a comparisonof the H1 datawith the predictionsfrom the k t

factorizationapproachasimplementedin theMonteCarlogeneratorCASCADE[59]. Goodagreement
is observed betweendataandpredictionsfor z < 0:8. At high z values,the CASCADE calculation
underestimatesthecrosssection.The CASCADEpredictionsfor the thep2

t; dependenceof the cross
section�t thedataconsiderablybetterthantheLO,CScalculationin thecollinearfactorizationapproach
(dottedcurve in Fig. 11).

In �g 13 the differential crosssectionsfor electroproductionof J= mesonsas measuredby
H1 [54] andZEUS [55] areshown as a function of z andcomparedwith predictionsfrom the color
singletmodel (shadedband),with the NRQCD calculation[60] (CS+CO,openband),andalso with
calculationsin the kt factorizationapproach(dottedline) asprovided by [58] andimplementedin the
MonteCarlogeneratorCASCADE(dash-dottedline).



(b)

Fig. 13: Differential cross sections d� =dz a) without and b) with a cut on p� 2
t; > 1 GeV. The data are compared to

the NRQCD calculation (CS+CO, open band), the color-singlet contribution (CS, shaded band), with a prediction
in the kt factorization approach assuming the CSM (dotted line) and with the Monte Carlo generator CASCADE
(dash-dotted line).

In theleft �gure thedataareseento agreewell with thepredictionsusingthecolor singletmodel
(shadedbandandlines)while thefull NRQCDcalculation(openband),includingcolor-octetcontribu-
tions is wrong in shapeandnormalization.The agreementdeteriorateswhenthe cut p� 2

t; > 1 GeV is
applied(right Fig.13). This cut is justi�ed, however, astowardssmallp� 2

t; perturbationtheorybecomes
increasinglyunreliabledueto collinearsingularitiesfor thecontributionse + g ! e + c�c[n] + g with
n=1S(8)

0 and3P (8)
J [60].

In conclusion,NRQCD,aspresentlyavailable in leadingorder, doesnot give a satisfactoryde-
scriptionof theHERA data. In contrast,thecolor singletmodelshows a reasonabledescriptionof the
HERA data,whenimplementedin calculationsto next-to-leadingorderperturbationtheoryor in calcu-
lationsin which thekt -factorizationapproachis used.

5 Charm and Beautycontributions to structure functions

To a goodapproximation,exceptat very high Q2, thecrosssectionfor inclusive deepinelasticelectron
scatteringoff theprotonatHERA canbedescribedin termsof asingleprotonstructurefunctionF2 (for
formulasee[1]). This structurefunctiononly dependson thephotonvirtuality, Q2, andon theBjorken
scalingvariablex. Assumingthat theelectronscattersoff a singlequarkin theproton(0th orderQCD,
quark-partonmodel)x canbereinterpretedasthefractionof theprotonmomentumcarriedby thestruck
quark.This is a reasonableapproximationfor thelight quarkcontentof theproton.

For heavy quarks,thesituationis a bit morecomplicated.Dueto theheavy quarkmass,on-shell
heavy quarkscannot exist within theproton.Rather, thedominantprocessfor heavy quarkproduction
is the 1st orderQCD BGF processdepictedin Fig. 1. However, this process(andotherhigherorder
processes)still contributesto electronscattering,andhenceto F2. This canbeinterpretedin two ways.

In the massive approximation,heavy quarksare treatedas being produceddynamicallyin the
scatteringprocess.The heavy quarkcontribution to F2, frequentlydenotedasF c�c

2 andF b�b
2 , therefore

indirectly measuresthegluon contentof theproton. If Q2 is largeenoughsuchthatthequarkmasscan
beneglected(Q2 � (2mQ )2), thesplitting of thegluoninto a heavy quarkpair canbereinterpretedto
occurwithin the proton. F c�c

2 andF b�b
2 thenmeasurethe occurrenceof virtual heavy quarkpairsin the

proton,or the“heavy quarkstructure”of theproton.



Fig. 14: F c�c
2 results as a function of x in bins of Q2, from the H1 and ZEUS D �� analyses and from the H1

inclusive lifetime tagging measurements The data are compared to a NLO prediction using the ZEUS NLO fit
results for the proton parton densities.

For charmproduction,theconditionQ2 � (2mQ)2 is valid for a large partof theHERA phase
space.For beauty, it is only satis�edatvery largeQ2. This is alsotheregionmostinterestingfor physics
at theLHC.

Similarargumentshold for theheavy quarkstructureof thephoton.

As anexample,Fig. 14[24,31,61–63]showsF c�c
2 asmeasuredby theZEUSandH1collaborations.

A differentrepresentationof theseresultsis shown in Fig. 6 of [1]. There,alsoF b�b
2 is shown. Good

agreementis observedwith QCDpredictions.Parametrizationsof heavy quarkdensitiesof theprotonat
LHC energiesshouldthereforebevalid within their respective errors.

6 Charm fragmentation

The large crosssectionfor charmproductionat HERA allows measurementsof charmfragmentation
whichareverycompetitive with e+ e� measurements.As this topic is coveredverynicely in [1] and[2]
it is not treatedfurtherhere.
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7 Quark-antiquark correlations

Heavy quarksarealwaysproducedin pairs.An interestingway to checkQCD is thusto verify whether
thekinematiccorrelationsbetweenthequarkpairarecorrectlydescribedby QCD.

Figure 15 shows different interpretationsof the samehigher order beautyproductionprocess.
Thesedifferent interpretationspartially manifestthemselves in different kinematicregions of beauty
productionphasespace.If thehighestvirtuality partof theprocessoccursin theleadingorderBGF-like
subprocess(left), thetwo bquarkswill bealmostback-to-backin thedetectortransverseplane.Thetwo
extra gluonscaneitherbe reabsorbedinto the protonstructure,recovering the original BGF graph,or
manifestthemselvesasvisible“partonshower” activity in thedirectionof theproton.Alternatively, if the
dominantleadingordersubprocessis gluonexchangewith oneof thebquarks(right, “�a vourexcitation
in thephoton”),thisbquarkwill recoilagainstagluonjet. At suf�ciantly largemomentumtransfer(rare
at HERA), thesecondb quarkcanbetreatedasa “spectator”,andwill approximatelyfollow the initial
photondirection. At next-to-leadingorder, contributions to both processesaredescribedby the same
Feynmangraph,but thetwo extremekinematiccases(andall variantsin between)arestill included.If
bothheavy quarksaretagged,thesedifferentkinematicregionscanbedistinguishedby measuringthe
momentumandangularcorrelationsbetweenthetwo quarks.

Figure16 [25] shows theangularcorrelationsbetweenthe two muonsoriginatingfrom different
b quarksof a b�b pair. Reasonableagreementis observed with QCD predictions. The predominantly
back-to-backtopologycom�rms thedominanceof theBGF-likecontribution.

8 HERA II prospects

Both the HERA collider and its detectorshave beenupgradedin 2001/2to provide more luminosity
with polarizedelectronbeams,andimprove heavy �a vour detection.This programis calledHERA II.
The luminosity accumulatedso far alreadyexceedsthe HERA I luminosity. An integratedluminosity
up to 700 pb� 1 is expectedat the endof the HERA programin 2007. This enhancesthe statisticsfor
many studiesby almostan orderof magnitudewith respectto HERA I. The improved detectorsoffer
further handlesfor improved heavy �a vour measurements.H1 hasimproved the forward coverageof
its Micro-Vertex-Detector[68], andaddeda FastTrackTrigger [67]. ZEUShasimplementeda Micro-
Vertex-Detector(MVD) [65] for the�rst timefor HERA II, andhasaddedanupgradedforwardtracking
detector[66]. Theseimprovementsallow theapplicationof measurementtechniqueswhichcouldnotbe
usedat HERA I, andcanbeusedto improve thedataquality, addadditionalstatistics,and/orcover new
phasespaceregions.



Fig. 16: Differential cross section d� =d� � �� for dimuon events from b�b 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).
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Fig. 17: Differential cross section as function of muon pT for dimuon + jet events in photoproduction. Preliminary
results from the first 33 pb� 1 of HERA II data are compared to HERA I results and QCD predictions.

New detectorsrequiretime to fully understandtheir systematics,but �rst preliminaryresultshave
alreadybeenobtained. Figure 17 [64] shows the crosssectionfor beautyproductionobtainedusing
the new ZEUS MVD with the �rst 33 pb� 1 of HERA II data,comparedto the HERA I result. Good
agreementis observed.

The measurementswhich will pro�t mostfrom the improved HERA II datasetsincludedouble
differentialmeasurementssuchasthebeautyandcharmcontributionsto theprotonstructurefunctionF2,
andmulti-tagmeasurementsto explicitly studyquark-quarkcorrelations.Statisticalimprovementsof at
leastoneorderof magnitudecanbeexpectedwhentheincreasedluminosityandimprovedmeasurement
techniquesarecombined.

9 Conclusions

Heavy �a vour productionat HERA is a very active �eld of researchyielding multiple insightsinto the
applicabilityof perturbative QCD. Theproblemof multiple scalescomplicatestheperturbative expan-
sionsandlimits the achievabletheoreticalprecision. In general,QCD predictionsagreewell with the
data,althoughindicationsfor deviationspersistin speci�c regionsof phasespace.Someof thesemight
beattributableto missingNNLO or evenhigherordercontributions.



Theoverall reasonableagreement,aswell astheself-consistency of thestructurefunctionstested
by or derived from heavy �a vour productionat HERA, enhancescon�dencein correspondingcross-
sectionpredictionsatLHC, within their respective theoreticaluncertainties.
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