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Introductionandmotivation



Whystudyheavyquarks?

Newparticlesoftendecaytobeauty(andcharm)quarks

MakemeasurementsofCPviolation

Precisemeasurementsofelectroweakparameters

TounderstandandprobeQCDinasmuchdetailaspossible

Partondensitiesofprotonandphotonneedtobe
precise.cffuturecolliders,pp,e+e−andγγ,...

QCD-productionrateshouldbeaccuratelyunderstood
whichcanbeasignificantbackgroundto“new”physics
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Q

Q



Whystudyheavyquarkproduction?

Exampleofwhytheheavyquarkproduction
rateneedstobeunderstood(ATLASTDR)

Considerb̄bH/AwithH/A→b̄bproductionat
theLHC

Evenrequiringfourbjets,S/B∼few%

Backgroundfromgluonsplittingtob̄band
gg→b̄b

5σdiscoverypossibleifQCDbackgrounds
knownprecisely
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HowwellistheQCDbackgroundknown?



PerturbativeQCDformalism
Forgenericcollisionbetweentwohadronsproducingaheavyquark,

Ha+Hb→QQ̄+X

Crosssectioncanbewrittenas;
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Perturbativeexpansioninmassofheavyquark,m

Largerm⇒fasterconvergence;massneedstobe“treated”consistently

Fixed-order(FO)scheme-p2
T∼m2,noheavyquarksinhadron(gg→QQ̄)

Resummed(NLL)scheme-p2
T>>m2,activeheavyquarksinhadron(also

gQ→gQ)

FONLLschemewhichmatchesthetwo



Theoreticalcalculations
Fixedorder:

•Frixioneetal.(FMNR)usedforcharmandbeautyinphotoproduction.

•HarrisandSmith(HVQDIS)usedforcharmandbeautyindeepinelastic
scattering.

Next-to-leadinglog:

•Cacciarietal.andKniehletal.usedforcharmandbeautyin
photoproduction.NB.onlyinclusiveproduction,cannotdoe.g.dijets

•Noprogramfordeepinelasticscattering.

Combined,FONLL(Cacciarietal.),usedforcharminphotoproduction.

Newprogram,MC@NLO(FrixioneandWebber),whichisthefixed-orderprogram
withpartonshowersandhadronisationfromHERWIG-notavailableforHERA.



Fragmentationofheavyquarks
Spraysofhadronsandleptonsaremeasuredinthe
detector

TagB/Dmesons(D∗→Kππs)andQ→µ,e

Calculationisintermsoffinalstatepartons

Thetwoneedtobe“matched”toperforma
comparison

Reliantonnon-perturbativemodels,suchasLund,
cluster,todescribethefragmentation

NLOQCDcalculationsusuallyaddonaPeterson
function

Arethemodelsandcurrentparametrisationscorrect?

•Measurethefragmentationfunction

•Makemeasurementswheretheeffectsarereduced;jets,highenergy



Genericnatureofproduction

HERATevatron/LHC
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PDF→

Structurefunctionsof
protonandphoton

Directsensitivitytothe
gluoncontent

Hardscatter→

DynamicsofNLOQCD

Implementationof
diagramsanddynamics
intoprograms

Fragmentation

Descriptionofparton-
hadrontransition

Non-perturbative,but
essential.



WhatcanHERAprovideandtheLHCwantto
know?

Generalstateofdescription(byMC,NLO)ofheavyquarkproductionprocesses:

•wheretheheavyquarkisproducedinthehardscatter

•nodirectinformationongluonsplitting

InformationontheprotonPDFs:

•gluoncontentinformationisgood

•heavyquarkcontentisforthefuture

Detailsofthefragmentationinahadronicenvironment;fragmentationfunctions,
fractions,etc..

Noinformationyetonmulitpartoninteractionsinheavyquarkprocesses.

Canprovideinformationontopologyofeventsandjetsusefulfordesigning
algorithms/triggers.



HeavyquarksatLHCb
N.Tuning,H.Dijkstra,N.Brook

Minimumbiascross
sectionmuchlarger
thanb̄b.

Minimumbiasandb̄b

eventshavedifferent
topologies.

Cancutonevent
propertiestoachieve
apuresample.

Reliantonaccuratesimulation;improvingMCsforbothminimumbiasandb̄b

important.



HeavyquarksatLHCb

B0-productsinacceptanceofLHCb
detector.

KinematicrangecoveredbyHERA.

Inprinciple,HERAmeasurementswill
constrainPDFsintherangeofLHCb
measurements.

Uncertaintieswillincreaseoutsidethe
HERAkinematicregion.

Typeofprocessinvolved?



HeavyquarksatLHCb

p

p
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g

Dominanceofbquarkfromtheproton.Donothavedirect
constraintsfromHERA.

Butthisismodeldependent,i.e.usingPYTHIA.

AtNLOsomeofthiswillsummedintothegluondistribution
oftheproton.

ShouldmeasuredirectlyallflavoursintheprotonatHERA.

However,PYTHIAshouldbearealisticsimulationofthefinal
statefortriggeroptimisation,etc..Alsob-correlationsand
productionasymmetry.



Measurementofopenbeautyproduction



BeautyproductionattheTevatronRunI

Significantdisagreement
withQCD

Extrapolationtothetheb

quarklevel→

MeasurementofBmesons
givesmorereliableresults

Ledtoimprovementin
theory
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Fragmentation
→intheory→

tunedtodata



OpenbeautymeasurementsinPHPatHERA

Again,measurementsin
acceptanceofdetector.

Thoroughextrapolationdone,
aboveacertainpT,witha
theorythatdescribesthedata.

NLOQCDdescribesthedata
well.
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Firstreallygooddescriptionofbproductionforalongtime.

NowQCDseemstobeinagoodstate.



OpenbeautymeasurementsatHERA
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Measurementsinacceptanceofdetector

Datafrombothexperimentsagreesokay;NLOQCDdescribesthedata
reasonablywell...



NewTeVatronbeautymeasurement

RunIIpreliminarydatacompared
withlatesttheory.
DatagotoverylowpT.Valuable
tohaveinclusivemeasurements.

Improvedtheory,FONLLand
MC@NLO,describethedatawell.

Consistencywithprevious
TeVatronresults?

Clearlydefinedmeasuredcross
section

PredictionsofFONLLandMC@NLOatHERAwoulduseful.



Beautydiscussion

Situationisdevelopingrapidlyandconclusionschanging,butconverging

Manydifferentkinematicregionsmeasuredandassumptionsmade

Significantworkonfragmentationissues

DataarestartingtobedescribedbyNLOQCD,butissuesremain

Shouldtreatanyextrapolationwithcaution;largeextrapolationfactors,into
unmeasuredregions,uncertaintiesconsidered...

Moredataisneededandiscoming...

Morecalculationsneededandimprovedphenomenologicalunderstanding

Globalfitstoalldatawouldbeusefulforcheckingconsistency

Needprogramswhichcandescribeallreactionse.gMC@NLOshouldbeable
tocalculateallcrosssections



Consistencyofalldata?

JetWebproject:WWWinterface
databaseforMCtuningusingHZTool.

CanusecurrentdataandfitMCsto
getbestpossibledescription

UseHERA,LEP,Tevatron,UA1,...data
spanningasmuchphasespaceas
possible

TuneparametersinMC:PDF,underlyingevent,protonandphotonradius,...

Usegeneral-purposeMCs:PYTHIAandHERWIG.

Normalisationfromhigh-precisionHERAjetdata.

Canuseparametersandpredictforafuturecollider
J.M.Butterworth,S.Butterworth,“JetWeb:AWWWInterfaceandDatabaseforMonteCarloTuningand
Validation”hep-ph/0210404,http://jetweb.hep.ucl.ac.uk/



Comparisonwithhadroncolliders
O.Gutsche,J.Butterworth,A.Geiser,B.Waugh
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GooddescriptionofUA1(630GeV)andD0(1800GeV)datausingsamemodel.

GoodMCmodeltouseforLHCpredictions:normalisationisgood,complete
finalstate.

Needtocomparetoallhadron-hadrondata;beingbuiltup.



ComparisonwithHERA
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GooddescriptionofHERAdata.

Showsthevalueofgeneral-purposecalculations.

Haveshownexamplesofwheretheprocedureworks.Notperfectdescription
ofallvariables(yet).

Butthebestmodelsofar?



Opencharmproductionandprotonstructure



CharmindeepinelasticscatteringatHERA

Measurementaconvolutionof
PDF⊗ME⊗FRAG,butphotonis
probeofprotonstructure
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Protonstructure
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isdependentonthescheme.

OnlyavailableNLOcalculationismassivecalculation,HVQDIS,i.e.active
partonsintheprotonaregluonandlightquarks.

Extrapolationinvolved;needtoimproveusingalargerphasespace.



Charmcontributiontotheprotonstructure
function
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Charmproductionrepresentsasignificantamountoftheinclusivecrosssection



CharminphotoproductionatHERA
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Universalityoffragmentation



Charmfragmentationratios



Charmfragmentationfractions

FractionsZEUS(prel.)γpCombinedH1(prel.)DIS
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Charmfragmentationfractionsareuniversal

SamemeasurementsattheTeVatroncouldbemade

CorrectvaluesbeingusedinNLOcalculations



Charmfragmentationfunction
Measurementsathadroniccollidersare
important:

•Independentwaysofmeasuring
fragmentation

•Extraconstraintsandprecisionon
fragmentationfunction

•Consistencyinmorecomplicated
environment-hadronremnant?

GeneraltrendissimilarforLEP/HERA

Differentprocesses,energies,
z-definitions.

→needconsistentfittoalldatainMC
andNLO.
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ImprovemeasurementsatHERAandhopefullyhavemeasurementsatthe
TeVatron→usefulinputfortheLHC.



Charmindiffraction



Diffractiveopen-charmproduction

Diffractiveprocessescontribute∼10%tothetotalDIScrosssection

Eventshaveclearexperimentalsignature-largerapiditygap

QCDfactorisationhasbeenproven(Collins)
fortheseclassofevents⇒canmeasure
“diffractivepartondistributions”

EvolutionwithQ2accordingtoDGLAP
equations

Extractpartondensitiesandpredictcharm
production

IP

pp

c-

c

ee

γ



Charmcontributiontodiffractivestructure
function

Datashowsensitivitytotheparton
densityparametrisations

Someparametrisationsareruledout

Oneparametrisationconsistentwith
data

Factorisationapproachworks

Charminphotoproduction,i.e.
hadronicenvironment?
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Summary

Increasingnumberofhighprecisionmeasurementsofheavyquarkproduction
fromHERA.

HERAisprovidingvaluableinformationon:
→partondensities

→overallproductionrates
→universalityoffragmentation

WorkisongoingintuningMCpredictionstodescribeallknowndata.

Preciseandwell-definedmeasurementshaveallowedphenomenological
improvements.

Calculationsneedtobeglobal,i.e.predictallprocessesunderstudy.

HERAwillproducealotmoredataandmorewillbeknownaboutheavyquark
production.


