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Introduction:charmproductioninepcollisions

•dominatedbyBosonGluonFusion(BGF)atLO:γg→cc̄(direct/resolved)
directphotonresolvedphotonresolvedphotonresolvedphoton

charmexcitationcharmexcitation

⇒directprocessesdominate,inphotoproductionresolvedplaysignificantrole

Factorisation
σ=protonPDF⊗σγg→QQ̄⊗photonPDF⊗fragmentationfunction

⇒charmproductionsensitivetothesepieces
∗mclarge⇒usefulscalepQCD:reliablepredictions
∗Crosssectionisdirectlysensitivetothegluondensityintheproton
∗Fragmentationisassumedtobeuniversal
∗(cancompareHERAresultstootherexperiments)
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Introduction:PerturbativeQCDCalculationsforHeavyFlavours

NLOcalculationsareperformedinseveralschemes:massive,massless,combined

“MASSIVE”APPROACH
•Fixedordercalculationinαs,withmQ6=0⇒
•→heavyquarkisNOTpartofthestructurefunctions
•→Proton:3activelightflavours
•→Quark(+gluon)densitiesobtainedaccordingtoDGLAPevolution
•HQproducedonlydynamically;reliableatpT∼mQ

•(whenlog(p
2
T/m

2
Q)termssufficientlysmall)

•Codes:FMNR(Frixioneetal.):γp,HVQDIS(Harris+Smith):DIS

“MASSLESS”APPROACH
•Allordersinαs,withmQ=0⇒heavyquarkisanactiveflavourintheproton
•(partofthestructurefunctions)
•HQproducedalsobynewprocesses(“flavourexcitation”);reliablepT�mQ
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PhotoproductionofD
∗±

mesonsatHERA
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•D
∗

selectioninγpregime

•Differentialdistributionsaremeasured
•andcomparedtotheoreticalpredictions
•indifferentschemes:
•“massive”NLOand“massless”NLO

•Shapeofdσ/dWdescribedbyall,but
•bothmassiveandmasslessNLOfailin
•describingshapeofdσ/dη(D

∗
)

•Theorieshavelargeuncertainties

•Measurementsareabletoconstrain
•theoriessignificantly
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D
∗±

photoproduction:inclusivejetcrosssections
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•D
∗

+jet;E
jet
T>6GeV:additionalscale;jet≈parton

•(associationin“angulardistance”)

•D
∗

γpmeasurements:discrepancies
•NLOmassiveandmassless

•Calculationsavailable:
•→D

∗
+associatedjet:massive

•→D
∗

+otherjets:massive/massless

⇒Gooddescriptionfrombothcalculations
⇒MasslesscalculationclosertodataathighE

jet
T
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D
∗±

photoproduction:D
∗

jetcorrelations

D
∗

+(untagged)jet⇒testhigherorderQCDcontributions,(i.e.gluonradiation)
γp:γandpartoncollidehead-on

⇒ifnogluonemission,2→2processparticlesinthefinalstatearebacktoback

arewesensitivetogluonradiation?
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•measurecrosssectionin∆φ(D
∗
,jet)

•only25%frombacktobackconfigurations
•(i.e.∆φ∼180

◦
)

•⇒significantcontributionfrom
•⇒higherorderQCDradiation

•NLOcalculationdoesnotdescribe
•region∆φ∼100

◦

•⇒sensitivitytohigherordercontributions
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D
∗±

photoproduction:dijetcorrelations
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•Correlationsbetweentagged/untaggedjet
•Sampledividedin

•direct-enriched:x
obs
γ>0.75

•resolved-enriched:x
obs
γ<0.75

•ComparisontoQCD
•→LO+partonshowerMC
•→describesshapewell
•→NLOQCD+had.corrections
•→deviatesfromdataatlow∆φ

jj

⇒higherordercalculations/
⇒NLO+partonshowerneeded
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FragmentationofCharmQuark:FractionsandRatios

•fragmentationc→Disalongdistanteffect
•(nopQCDdescription,onlyphenomenologicalmodels)
•isfragmentationuniversal?(i.e.independentofcharmproductionmechanism)

AtHERAwemeasure

fragmentationfractions
→probabilitiesforquarkcharmtohadronizeintovarioushadrons

fragmentationfunctions
→fractionofthequark’smomentumcarriedbytheheavyhadron

FragmentationFractions

•HERAhasmeasuredinγpandDISinclusivecrosssectionsforallthecharm
•groundstates:D

0
,D

∗±
,D

±
,D

±
sandΛ

±
c

•Fromcrosssections,fragmentationfractionscanbecalculated

•f(c→D,Λc)=σ(D,Λc)/
∑

allcharmgroundstatesσi
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FragmentationofCharmQuark:FractionsandRatios
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•Noparticleidentification(exceptΛc)
•manytrackcombinations
•⇒largecombinatorialbackground,
•⇒supressedwhentwodecays
•⇒(kinematicconstraint)
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FragmentationofCharmQuark:fractionsandratios(signalsinDIS)
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•charmtagging:reconstructionofsecondaryvertex
•lifetimeofD-mesonsleadstospacialseparationbetweentheirproduction(primary)
•andtheirdecay(secondary)⇒hadronsseparatedfromcombinatorialbackground

•signaltobackgroundratioimprovedsignificantly
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FragmentationofCharmQuark:fragmentationfractions(results)
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⇒accuratemeasurementsatHERA:errorscompetitive!
⇒allfragmentationfractionsinagreementwithworldaverage:universality
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FragmentationofCharmQuark:ratios

Ratios
Therealsootherimportantquestionsconcerningcharmhadronisation

•Areuanddquarksproducedequallyincharmevents?→Ru/d=cū/cd̄
•(MeasurestherateofneutraltochargedDmesonproduction)
⇒Expectedtobe∼1,duetosmallnessofthebareu,dquarkmassescomparedto
⇒theirdressedmasses
•Whatisthes−quarkproductionsuppression?→
•strangenesssupressionfactorγs=2cs̄/(cū+cd̄)
⇒D

±
sexpectedtobelessfrequentlyproducedthanD

0
andD

±
,duetohigher

⇒baresquarkmass
•WhatisthefractionofDmesonsproducedinavectorstate?→PV=V/(V+PS)
⇒Expectedtobe3/4,bynaivespincounting
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FragmentationofCharmQuark:FragmentationRatios(results)
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⇒Inagreementwitheachother,expectationandworldaverage,
⇒butnaivespincountingnotquitecorrect(PV6=3/4)!
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Fragmentationofcharmquark:fragmentationfunction

•FragmentationfunctionsusedtoparametrisetheenergytransferQ⇒HADRON
•Describedbyphenomenologicalmodels⇒parameterscanbefittedtodata
•Tunningofparametersneededtoreducetheoreticaluncertainties

Needtogiveadefinitionof“energytransfer”
→ine

+
e

−
→cc̄:E(c)=√s/2,sonaturalchoicez=

E(D
∗
)

E(c)
=

2·E(D
∗
)

√s
→inepdefinitionofznotsoobvious:dependsonexperimentalmethod

JetMethodHemisphereMethod

cquark∼jetcontainingD
∗

zjet=
(E+pL)D

∗

(E+p)jet

inγpframethecc̄pairisbalancedinpT

⇒candividetheeventintwohemispheres

cquark∼allparticlesinhemispherecontainingD
∗

zhem=
(E+pL)D

∗

∑
hem(E+p)

Thenormalizeddistributioninziswhatwecallfragmentationfunction
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Fragmentationofcharmquark:fragmentationfunction
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•ofε,αparameters(intheusedMCmodel)
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Fragmentationofcharmquark:fragmentationfunction

ComparisonzdistributionatHERAwithe
+

e−experiments

→Similardistributionsatmedium/largez

⇒althoughdifferentobservabledefinitions,spectrasimilarshape(universality)
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Summary

•DescriptionofcharmcrosssectionsbyQCDgoodingeneral,
•butfailsinthedetails

•Newmeasurements:jets...givemoredetailsoffinalstate/eventkinematics
•→Charmγpandjetsshowingtheneedforhigherordercalculations
•→theoreticaldevelopmentsneeded(MC@NLO...)

•Charmfragmentationfractions/ratiosandfragmentationfunctionmeasured
•→accuratemeasurements:HERAerrorscompetitive
•→Evidencethatcharmfragmentationisuniversaline

+
e

−
andep
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