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Abstract
We review the prospectgor bottomproductionphysicsatthe LHC.

1. INTRODUCTION

In the contet of the LHC experiments,the physicsof bottom flavoured hadronsentersin different
contets. It canbe usedfor QCD tests,it affectsthe possibilitiesof B decaysstudies,andit is an
importantsourceof backgroundor severalprocessesf interest.

The physicsof b productionat hadroncolliders hasa ratherlong story, dating backto its first
obsenrationin theUA1 experiment.Subsequent)yb productionhasbeenstudiedatthe Tevatron.Besides
the transersemomentumspectrumof a singleb, it hasalsobecomepossible,in recenttime, to study
correlationsn the productioncharacteristicef the b andtheb.

At theLHC new opportunitieswvill beofferedby thehigh statisticsandthehighenegy reach.One
expectsto be ableto studythe transersemomentumspectrumat highertransersemomentaandalso
to exploit thelarge statisticsto performmoreaccuratestudiesof correlations.

This chaptelis organizedasfollows.

Section2 is mostly theoretical.lts goalis to provide benchmarkcrosssectionsanddistributions
for the LHC, including ratesrelevant for the trigger requirementf the experiments. Furthermorea
discussionof the presentstatusof b productionphenomenologyt hadroncollidersis given. In this
contet, one cannotforget that the theoreticalstatusis a mixed success.On one side, the shapeof
distributions and correlationsare reasonablywell explainedby perturbatre QCD. On the other side,
however, the obsered crosssectionsat the Tevatronare larger than QCD predictions. It is hopedthat
further studiesmay help to understandhe natureof the discrepang As of now, we seetwo possible
explanations:eitherthe absolutenormalizationof the crosssectionis not correctly predicteddueto the
presencef large higherorderterms,or the shapeof the distributionsis distortedby someperturbatie
or non-perturbatie effects(like, for example,fragmentatioreffects). With the wide p, rangecovered
by the LHC experimentsandperhapsalsowith the possibility of performingmore accuratestudiesof
correlationsthesewo possibilitiesmaybedistinguishedThe problemof fragmentatioreffectshasbeen
studiedin this workshopalsofrom the point of view of hadronizatiormodelsin Monte Carloprograms,
in Section3. This study dealswith the hadronizatiormodelin the HERWIG Monte Carlo program.
Its aim wasto understandvhethey in simple realistic modelsof hadronizationthe usualassumption
of QCD factorizationis really at work. In generalthe problemof studyinghow realisticis the heary
flavour productionmechanisnimplementedn shaver Monte Carlo’s is quite important,andprobably
will requireaconsiderableffort. Alongthisline, in Sectiord, aproblemin theheavy flavour production
mechanismémplementedn PYTHIA is examined.

Furtherself-containedheoreticaltopicsaredealtwith in Sections5 and6. Section5 dealswith
thechageasymmetnyin b productionin pp collisions.n this contet, QCDis not of greathelp,sincein
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perturbatre QCD chage asymmetriesurn out to be extremelysmall. Instead studiesare madewithin
specifichadronizatiormodels,thatare parametrizedn sucha way thatthey fit charmasymmetrydata.
Thistopic, besidedeinginterestingn its own, sinceit dealswith a phenomenomvhichis dominatedy
non-perturbatie physicshasalsoanimpacton C' P violation studiesin B decays.

In Section6 quarlonium productionis discussed.This subjecthasbeenintensvely studiedin
recentyears following aninitial CDF obserationof a.J/¥ productionratemuchhigherthantheoretical
predictions.This hastriggered,from the theoreticalside, the understandinghat the fragmentatiorpro-
cesss thedominantmechanismin quarlonium production.Besideghis, a novel branchof applications
of perturbatre QCD, the NRQCD approachhasemepged,thatmay be usefulto explain the production
process.

In Section7, the prospectdor b detectionarediscussedlt is shavn thatthereis a complemen-
tarity betweenATLAS/CMS andthe LHCb experiment,with a certainregion of overlap. In particular
the LHCb experimentcan detectvery low momentumheary quarks,while the other experimentscan
reachthe very high trans\ersemomentunregion. Someresultson correlationsmeasurementarealso
given,exploring the possibility of looking atoneb decayingnto a J/ ¥, andthe otherdecayingsemilep-
tonically Double heavy flavour production,chage asymmetrypolarizationeffects,anddoubly-heay
mesonproductionarealsodiscussed.

In Section8 thetuningof themultiple interactionparameterg Py THIA isillustrated. Thecorrect
treatmenif multiple interactionss importantto modelthe multiplicity obserablesin both minimum-
biasandheavy flavour events.

2. BENCHMARK CROSSSECTIONS!
2.1 Total crosssections

It is assumedhatheavy flavour productionin hadroniccollisionscanbedescribedn the usualimproved
partonmodelapproachwherelight partonsn theincominghadronscollide andproducea heary quark-
antiquarkpair via elementanstronginteractionvertices like, for example,in the diagramof fig. 1. This

Fig. 1: Typical diagramfor heavy flavour production

descriptionis appropriatefor all hard processedn hadroniccollisions,andthus, in the caseof heary
flavours,is applicableaslong asthe massof the heary flavour canbe considereduficiently large. The
perturbatre QCD crosssectionfor heavy flavour productionhasbeencomputedo next-to-leadingorder
accuray (i.e. O(a2)) alongtime ago[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11], andalarge amountof
experimentalandtheoreticalwork hasbeendonein thisfield. A relatively recentaccouniof the statusof
thisfield canbefoundin ref. [12]. It canbe saidthatqualitatively the QCD descriptionof heary flavour
productionseemdo be adequatealsofor charmproduction,while quantitatvely large uncertaintiesare
presenin the calculationof the charmandbottomcrosssection. Only for a quarkasheary asthetop
quarkthe perturbatre calculationseemgup to now) to predictthe crosssectionwith agoodaccurag.

1Sectioncoordinator:P. NasonandG. Ridolfi



Tablel: Dependencef theb crosssectionon scalechoices.

pe/my, | pr/my | Total(ub) | Born(ub)
0.50 1.00 | 0.277910° | 0.6465107
1.00 1.00 | 0.496010° | 0.179610°
2.00 1.00 | 0.645310° | 0.325310°
0.50 0.50 | 0.512610° | 0.107810°
1.00 0.50 | 0.828910° | 0.2995103
2.00 0.50 | 0.953810° | 0.542610°
0.50 2.00 | 0.175810% | 0.435510
1.00 2.00 | 0.335310% | 0.120910°
2.00 2.00 | 0.466910° | 0.2191103

Large uncertaintiesarealsofoundin the calculationof the bottomproductioncrosssectionat the
LHC. Thelargestuncertaintyis dueto unknavn higherordereffects,andit is traditionally quantifiedby
estimatingthe scaledependencef the crosssectionwhenthe renormalizatiorandfactorizationscales
are varied by a factor of 2 abore and below their centralvalue, which is usually taken equalto the
heary quarkmass.Sincethis uncertaintyis dueto alimitation in our currenttheoreticaknowledge,it is
hardto overcome.Othersourcef uncertaintyarerelatedto theoreticalandexperimentalerrorsin the
parametershat enterthe perturbatie calculation:the value of the strongcouplingconstantthe heary
guarkmassandthe partondensityfunctions.

We presentierea benchmarlstudyof b total crosssectionsatthe LHC, usingthe FMNR package
for heavy flavour crosssectiong5] [8] (thecodefor this packages availableuponrequesto theauthors).
In the studywe consider

e Thedependencef the total crosssectionon the choiceof the factorizationandrenormalization
scalesWe will usethevaluesy = my, 2my, my/2.

e ThedependencenthepartondensityparametrizationWewill usethesetsMRST[13], MRST(g1),
MRST(gl), MRST(as|) andMRST(ag1). Thefirst setis usedasreferenceset. MRST(g1) and
MRST(g|) have extremegluon densities, MRST(as|)-MRST(ast) have extremevaluesof the
strongcouplingconstant:A; = 220 MeV for MRST, 164 MeV for MRST(ag|), 280 MeV for
MRST(ags1). Crosssectionvaluesobtainedwith the CTEQ4[14] setarevery similarto theMRST
set. We have preferredto usethe MRST setsbecausehey gave us the possibility to performa
studyof sensitvity to A andto variationsin the gluondensity

e Thedependencentheb quarkmass:m;, = 4.75 + 0.25 GeV.

Factorizatiorandrenormalizatiorscaledependencef thetotal crosssectiorat /S = 14 TeVis reported
in table1, wherewe have usedthe MRST partondensitieswith A5 = 220 MeV, andwe have fixedthe
b massatthevaluem;, = 4.75 GeV. Noticethat:

o If wekeepur = ug, thefull crosssectionvariationis small (467to 512 ub).

e Thelargestcrosssectioncorrespond$o large ur andsmall ur

e Thesmallestcrosssectioncorrespondso small ur andlarge ug
Thisis understooaince,at smallz, thegluondensityg(x) grows with thescale,anda decreasewith
thescale.

The dependencen the choiceof partondensityparametrizatioris shavn in table2. As onecan
see the sensitvity to thevariationof the gluondensityis small. Apparently the constraintsrom HERA
dataarestrongenoughin the = region wheremostof the b productiontakesplace.The dependencapon
the strongcoupling constants insteadlarger, and canincreasethe upperlimit of the crosssectionby
about40%. Thelasttwo setshave A5 = 164 and288 MeV respectiely, correspondindo as(Myz) =
0.1125 and0.1225whichis areasonablyargerange.



Table2: Partondensitydependencef total crosssectiong(in ub).

central lowest highest

MRST | 0.496010% | 0.175810% | 0.953810°
MRST(g1) | 0.486610% | 0.172710% | 0.933710°
MRST(g1) | 0.499210% | 0.175110% | 0.961010°
MRST(as!) | 0.448710% | 0.1799103 | 0.787810°
MRST(as1) | 0.600110% | 0.1894103 | 0.126710*

Massuncertaintiegrequiteimportant,especiallyif m;, is allowedto take very smallvalues.This
canbeseenfrom table3. We seethatloweringtheb massirom 4.5down to 4 GeV raiseshe upperlimit

Table3: Massdependencef total crosssectiong(in ub).

my (GeV) central lowest highest
4 0.795710° | 0.233610% | 0.170610*
4.5 0.578910% | 0.194510° | 0.113810%
5 0.431310°% | 0.160910% | 0.8087103

of the crosssectionby about50%. It is however unlikely that suchsmall valuesareviable. A rough
view of the statusof the bottommassdeterminatioris givenin fig. 2, which we obtainedby takingthe
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Fig. 2: Differentdetermination®f theb quarkpole mass.

variousdetermination®f the MS bottommassfrom the Particle DataBook, andrescalehemby afactor
of (1+0.09+0.06)to accountfor the two-loop correctionneededo translatethe MS massinto the pole
mass.As onecansee,not all determinationsire consisteneamongeachother A critical review of all
determinationss beyondthe scopeof this workshop.We shouldhowever point outthatrecentprogress
hasbeenmadein the bottommassdetermination.The readercanfind a summaryof theseissuesand
furtherreferencesn ref. [15]. It is aguedtherethatthe bottommasss determinedwvith higherprecision
in processesvhereit is probedat shortdistanceslike in the T mass,or via sumrulesappliedto the
bottom vector currentspectralfunctionin ete~ annihilation. The massextractedin this way canbe



reliably relatedto thesocalledMS mass.Therelationof the MS massto the pole massis insteadnot so
precise becausehe perturbatre expansionthatrelatesthe two quantitiesis not corvergent. In ref. [15]

apreferredvalueof my(my) = 4.23 & 0.08 is given,wherem;(my) istheMS bottommassatthescale
of the bottom massitself. The correspondingpole mass,obtainedusing the newly computed3-loop
relationbetweerthe MS andpolemasg16] [17], is 4.98 & 0.09 GeV. If onewantedto accountfor the
uncertaintieslueto thelack of corvergenceof the perturbatie expansiontherangeobtainedn thisway
shouldbe enlaged by someamount,of the orderof 100 MeV. The questionariseswhetherit would be
possibleto eliminatethis uncertaintyby expressinghehadroproductiorosssectionin termsof the MS

mass.In our view, theansweilis mostlikely no, sincethe bottomhadroproductiorrosssectiondoesnot
have the sameinclusive characteasthe sumrulesappliedto thee™ e~ bottomspectrafunction.

In the presentwork we thususedthe traditionalrange4.5 GeV < m,;, < 5 GeV for the bottom
polemassn thehadroproductioprocesskeepingin mindthatrecentdeterminationseembo favourthe
uppetrregion of thisrange.Thesensitvity of thecrosssectionto thebottommassin thisrangeis at most
of £10%, andit becomesnuchsmallerif transeersemomentumcutsare applied. Thus, asfar asthe
LHC is concernedthis uncertaintyis not very important.

The largestuncertaiy in the crosssectioncomesfrom the scaleuncertainty which is a (rather
arbitrary) methodto assesshe possibleimpactof unknavn higherordercorrections.In the following
we reporta brief discussiorof the origin of theselarge corrections.Radiative correctionsfor the total
crosssectionare usually parametrizedas follows. The total crosssectionso;; for the variousparton
subprocessdgq, qg, gg) have a perturbatre expansiongyivenby

m2

2 2
oy = 220 [fé,” (p) + 4mas <fi(})(p) + 7D (p)log £ )} , (1)

wherep = 4m§/§ ands is the squaredoartoniccenterof-masseneny. Thefunctionsfg)’l) for thegq
andgg subprocessemredisplayedn fig. 3. Noticethe behaiour nearthreshold
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Fig. 3: Partoniccrosssectionfor the gg andgg subprocesses.
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dueto Coulomb1/4 singularitiesandto Sudalov doublelogarithms. Nearthreshold thesetermsmay
requirespecialtreatementsuchasresummatiorto all orders. Notice alsothe constantasymptoticbe-

haviour of fg(;), which may causeproblemsfar above threshold.

Plotting the crosssectionasa functionof the partonicenegy s may helpto understandhe origin
of large corrections. We find that radiatve correctionsare large nearthe productionthreshold. This
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Fig. 4: Partoniccrosssectionasa functionof §/4m?

problembecomeamore and more se/ere as we approachthe productionthreshold. Thus, it is more
importantfor productionof b atfixedtamgetenegies,or for productionof ¢¢ pairsatcolliders. Techniques
to resumtheselarge correctiongo all ordersof perturbatiortheory atthe NLO level areavailable[18],
but it is foundthatlittle improvements achiezed for the bottomcrosssectionat collider enegies. Large
correctionsarealsofoundfarabove threshold.Thiseffectis boundto becomemoreandmorepronounced
in the high enegy limit. In orderto reducethe scaleuncertaintiecomingfrom thesecorrectionsone
shouldresumthemat the next-to-leadingorderlevel. This problemhasbeendiscussedn theliterature,
sofar, only at the leadinglogarithmiclevel [19] [20] [21] [22]. At thetime of the completionof this
workshop no furtherprogresshasbeenachiezedin thisfield.

In fig. 5 we presenta study of the scaledependencef the total crosssectionas a function of

p. Wefind a large scaledependenceearthreshold dueto both renormalizatiorandfactorizationscale
variation,andalarge scaledependencéar from threshold.Here,therenormalizatiorscaledependence
plays a dominantrole. Renormalizatiorscalevariationsare mainly due to the large variation of the
couplingconstantn the O (o) terms.Whereradiative correctionsaresmall,areasonablscalecompen-
sationtakesplace.Thus,boththethresholdandthe high enegy regions,wherecorrectionsarelarge,are
stronglyaffected.Factorizationscalevariationhasa strongimpacton thresholdcorrectionshile in the
high enegy region we obsere somecompensationlin fact, the crosssectionnearthresholdincreases
with up nearthresholdwhile above thresholdthe yup = m valueis above boththe up = m/2 andthe
ur = 2m curnwes,indicatingthe presencef somesort of compensationAs of now, it appearshere-
fore thata betterunderstandin@f the high enegy region will notstronglyreducethe scaleuncertainty
althoughit might, of coursejmprove our confidencen the errorbandwe quote.

Thestudygivenheredealswith total crosssectionslt shouldberepeatedvith appropriateapidity
cuts,sincethis mayreducearge effectsdueto the high enegy limit. In generalwe may expectthatthe
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Fig. 6: Crosssectionsasin table4. The four barsin eachgroupcorrespondo differentchoicesof ¢ and (kr), in the order
reportedn thefigure.

crosssectionwith rapidity and trans\ersemomentumcuts may have smallererror barsthanthe total.

It is particularlyinterestingto investigatedirectly crosssectionsor muonsoriginatingfrom B decays,
since muonsare often usedas trigger objectsfor B physics. We have performedthis study using a
simpleimplementationof the B semileptonicdecayin the FMNR program,that will be describedn

moredetailsin the following subsections.The resultsareshavn in table4. The sameresultsarealso
reportedin fig. 6, sinceseveral featuresbecomemoreapparenthere. First of all, we point out that, as
expected thereis a considerableeductionin the scaledependencen thesemuonrates. This is mostly
dueto the presencef cutsin the transersemomentunof the muon,thatincreaseshe total trans\erse



Table4: Crosssections(in ub) for b—p + X production,with a muon, or both, satisfyingappropriatecuts. Only muons
comingdirectly from B decaysareincludedhere. The calculationwas performedusingthe CTQ4M partondensities. The
uppernumberarethe maximum,andthe lower numberthe minimum of the valuesobtainedby varyingthe scalesn the usual
way. Thecorrespondingotal crosssectiosare165to 864 b The B— u branchingractionwastakenequalto 10.5%.Different
valuesfor thee parameteof the PetersoriragmentatiorfunctionareassumedThelasttwo columnshav theimpactof arather
largeintrinsic trans\ersemomenturnof theincomingpartons.

€ 0 0.002 | 0.006 | 0.002 | 0.006
(k1) (GeV) 0 0 0 4 4
A bb—pu(ln| < 2.4, pr > 6) oo | ost | om | tos | oo
B: bb—pu(pr > 6) p(pr > 3) 0301 | 0310 015 022 | 0a
Gl >0 | va | W | B | e | b8
D: bb—pu(pr > 7, |n| < 2.4) oo oo o o7 0.63

E:bb—u(pr > 7, |n| < 2.4)
0.0304 | 0.0203 | 0.0174 | 0.0232 | 0.0188
p(pr > 4.5, 0<|n[ <1.5) | gous | 00102 | 00087 | 00105 | 0.000

F:bb—u(pr > 7, |n| < 2.4)
. 0.0101 0.0075 0.0068 0.0096 0.0076
'UJ(pT > 36’ L5 < |’I’]‘ < 2) 0.0045 0.0032 0.0026 0.0035 0.00281

G: bb—u(pr > 7, n| < 2.4)
0.0105 | 0.0073 | 0.0053 | 0.0082 | 0.0062
p(pr > 2.6, 2 <Inl <2.4) | go03s | 000263 | 0.00219 | 0.00251 | 0.0024

a7 19.3 18.8 18.6 19.1 18.9
H: bb—p(pr > 1, 2 <|n| <6) 5.4 5.3 5.2 5.4 5.3
s 10.2 9.1 8.6 10.6 10.
I 0b—p(pr > 2, 2 < |n| <6) 2.94 2.65 2.51 3.11 2.96

enegy thatcharacterizeshe crosssection. Thus,while theratio of the upperto the lower limit of the

crosssectionis above afactorof 5 in thetotal rate, it is betweena factorof 2 and4 in the muonrates.
The smallestvaluesare achieved for the highestmomentumcuts. A non perturbatre fragmentation
functionof the Petersorform wasalsoincludedin the calculationwith ¢ parametetakingthe values0

(i.e.,nofragmentation).002 and0.006. More detailson its implementatioraregivenin thefollowing

subsectionsObsenre thatfor softerfragmentatiorfunctions(i.e. larger e parameterjhe uncertaintyis

reducedsincethey imply higherquarkmomenta.The reductionin the scaleuncertaintyis obtainedat

the price of introducinga sensitvity to thefragmentatiorfunctionparameterWe consideredhsrealistic
valuesof € betweern).002and0.006. The correspondingariationof the crosssectionis not large. The

impactof anintrinsic transersemomentumof the incoming partons(seethe following subsectionsis

alsostudied.We have choserthe unrealisticallylarge value (k;) = 4 GeVjustto shaw thatits effectis

in all casesotadramaticone.

2.2 Transversemomentum spectrum
2.21 Bendmarksingle-inclusiveistributions

Thefixed-orderNLO resultfor single-inclusie b productionhasseverallimitationsin differentregions
of the phasespace. In particular one shouldbe aware of the high-enegy limit problemwhenpr is
smallcomparedo theincomingenengy, of the logarithmsof m,,/py for high transersemomentaand
of further problemswhenapproachinghe thresholdregion. All theseissueswill be discussedn some
detailin the next Sections.However, thefixed-ordercalculationat NLO providesa usefulstartingpoint
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for estimatingthe differential crosssection. At this time, it is probablynot usefulto performa cross
sectionstudy with differentsetsof partondensities,andfor differentvaluesof the b mass. We limit
ourselhesto the MRST set,andwe only studythe scaledependencef the crosssection. We do not
include, at this stage fragmentatioreffects, which, asshavn in the following Sections,canbe easily
accountedor. In tables5-8 we collecttheresultsof thisstudy Thecentralvalueswe obtainedarealso
plottedin figs. 7 and8, sothatthe wide kinematicrangeof heary flavour productioncanbe appreciated
by aglance. More detailedrapidity distributionsatlow momentaareshavn in fig. 9. Firstof all, we see
thatthe differential crosssectionspansmary ordersof magnitude.At a luminosity of 103*cm2sec ™!
eachub of crosssectioncorrespondso 10* eventspersecondor (roughly) 10'! eventsperyear Thus,
atthelevel of 10! in the plot thereshouldbe oneeventperyearperbin of pr andy. Thepy spectrum
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startsto dropfastfor p; largerthanthe heary quarkmassdroppingevenfasterasthe thresholdregion
is approachedTherapidity distributions have the typical shapeof a wide plateaudroppingat the edge
of the phasespaceandbecomingnarraver for largertranssersemomentaAt the LHC the gluonfusion
productionmechanisnis dominantascanbeeseenn fig. 10. Thereonecanseethatthequark-antiquark
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Fig. 10: Thetotal, gq¢ andqg component®f the differentialcrosssectionfor heavy flavour production.

annihilationcomponents below thegluonfusioncomponenby morethanoneorderof magnituden the
pr rangeconsideredyhile the quark-gluonterm becomesnoreimportantat larger p,-. We remindthe
readerthatthe crosssectionfor gg—b + X is notincludedin the NLO calculation.Onemaythusworry
aboutalossof accurag in theresult,sincethe quark-quarkuminosityatthe LHC areby far thelargest
for high transversemomentab production. This problem,however, is dealtwith appropriatelyin the



resummatiorformalismfor high pr heary flavour production,wherea quark-quarkfusion contritution
doesindeedappear



Table5: Differentialcrosssectiondo /dp3dy for singleinclusive b productionatthe LHC, for pr from 1 to 80 GeV andy from
0to 4. Thetablewascomputedwith the M RST partondensityset,for m;, = 4.75 GeV. The centralvaluewasobtainedwith
the factorizationandrenormalizatiorscalesetto \/m The upperandlower valuesgive the maximalvariationwhen
varyingthe scalesndependentlyy a factorof 2 abore andbelow the centralvalue. Crosssectionsarein ub; eachelementin
arow shouldbe multiplied by the commonscalefactorin theleft column.

Y 0 | 1 |[15] 2 [ 25 3 | 35 4
pr=1 | 77 | 76 | 75 | 73 | 7 | 66 | 61 | 54
1071x | 23.9 | 23.4 | 22.7 | 21.8 | 206 | 19.1 | 17.2 | 146
41.3 | 405 | 39.5 | 38.2 [ 36.4 | 34.1 | 31 | 26.1
pr=2 | 67 ] 66 | 65 | 63 | 6 | 57 | 52 | 4.56
101x | 19.2 | 188 [ 182 | 17.4 | 164 | 15.1 | 135 | 11.5
3031297 | 20 | 28 | 267|249 226 | 19.2
pr=3 | 54 | 53 | 5.2 | 5 | 476 | 443 | 4.01 | 3.48
1071x | 14 | 136 ] 132|126 | 11.8 | 10.8| 9.5 8
21.8 | 21.3 | 20.7 | 19.9 | 18.8 | 17.4 | 15.6 | 13.2
pr=4 | 404|396 | 385 | 3.7 | 348 | 3.21 | 2.87 | 2.45
1071x | 99 | 96 | 93 | 88 | 82 | 74 | 65 | 54
159 [ 155 | 15 | 142|133 | 12.1| 10.6 | 8.9
pr—5 | 291 | 2.84 | 2.75 | 2.62 | 2.45 | 2.24 | 1.97 | 1.64
107'x | 66 | 64 | 62 | 5.8 | 53 | 4.79 | 4.13 | 3.37
11.1 /107|103 ] 97 | 9 | 8 | 69 | 57
pr=7 | 14 | 136|131 123 | 113|101 | 86 | 6.9
1072x | 204 [ 2821269 | 25 |22.7]19.8| 16.6 | 13
51 | 485 | 46 | 427|385 |335 | 27.9 | 21.7
pr=10 | 4.72 | 454 | 4.31 | 3.99 | 358 | 3.09 | 2.52 | 1.9
102x | 91 | 87 | 82 | 7.5 | 6.6 | 5.6 | 449 | 3.32
15.6 | 148 | 139 | 126 | 11.1| 93 | 74 | 54
pr=15]103 | 98 | 91 | 82 | 7.1 | 59 | 449 | 3.11
103% | 17.8 | 168 | 156 | 14 | 12 | 9.7 | 7.3 | 4.91
29.3 | 27.5 | 25.4 | 22.6 | 19.2 | 154 | 114 | 7.6
pr=20]299 | 281 | 2.6 | 2.3 | 194|153 | L1 | 07
10 3x | 4.86 | 4.55 | 4.16 | 3.65 | 3.04 | 2.36 | 1.67 | 1.04
77 | 71| 65 | 5.7 469|361 | 252 | 1.55
pr—30 | 453 | 4.2 | 379 | 3.25 | 2.61 | 1.91 | 1.25 | 0.68
1074 | 68 | 6.3 | 5.6 | 4.77 | 3.78 | 274 | 1.75 | 0.93
101] 93 | 83| 7 | 55 |394] 249 | 1.3
pr=40]109| 10 | 88 | 7.4 | 5.7 | 39 | 2.31 | 1L.08
1075x | 155 | 14.1 | 125 | 103 | 7.8 | 5.3 | 3.1 | 141
22.3 (202 | 17.8 | 14.6 | 11 | 7.4 | 423 | 1.92
pr =050 | 3.47 | 3.13 | 2.72 | 2.21 | 1.63 | 1.06 | 0.57 | 0.218
105 | 4.77 | 4.28 | 3.71 | 2.99 | 2.18 | 1.4 | 0.74 | 0.287
67| 6 | 52 | 412|298 |1.89 | 1.01 | 0.395
pr=60| 132 | 11.8 | 10.1| 8 | 5.7 | 3.48 | 1.66 | 0.53
106x | 17.8 | 158 | 13.5 | 10.6 | 7.5 | 4.52 | 2.18 | 0.71
24.3 | 21.5 | 18.3 | 14.3 | 10 | 6.1 | 2.97 | 0.98
pr =280 | 2.77 | 242 | 201 | 1.5 | 0.98 | 0.53 | 0.207 | 0.0449
106 | 3.59 | 3.12 | 2.59 | 1.95 | 1.28 | 0.69 | 0.273 | 0.06
476 | 4.14 | 345 | 2.6 | 1.72 | 0.94 | 0.376 | 0.083




Table6: Asin table5, for y from 4.5t0 6.5.

y 4.5 5 5.5 6 6.5
pr = 4.51 3.46 2.36 1.36 0.59
107 x 11.6 8.4 5.3 2.87 1.15
20 14.2 8.5 4.47 1.8
pr = 3.74 2.82 1.88 1.04 0.431
1071 x 9 6.4 4.04 2.1 0.8
14.6 10.2 6.3 3.2 1.23
pr = 2.8 2.06 1.32 0.69 0.261
1071 x 6.2 4.35 2.65 1.31 0.458
10.1 6.8 4.07 1.97 0.7
pr = 1.93 1.37 0.84 0.415 0.137
10~ 1x 4.08 2.78 1.62 0.75 0.231
6.7 4.44 2.53 1.15 0.35
pr=>5 1.27 0.87 0.51 0.233 0.065
1071 % 2.52 1.67 0.93 0.404 0.105
4.19 2.71 1.5 0.63 0.16
pr = 5.1 3.24 1.71 0.65 0.12
1072x 9.3 5.8 2.93 1.06 0.178
15.4 9.4 4.66 1.63 0.268
pr = 10 1.29 0.75 0.333 0.09 6.410°3
1072x 2.2 1.23 0.53 0.134 8.81073
3.54 1.95 0.81 0.2 0.0128
pr =15 1.86 0.88 0.279 0.0324 1.210~*
1073 % 2.86 1.31 0.395 0.0431 | 1.57107*
4.36 1.95 0.57 0.061 2.251074
pr=20] 0.371 0.143 0.0288 | 8.810°* | 1.1710 12
1073 % 0.54 0.199 0.0379 | 1.181073 | 1.4410712
0.78 0.281 0.053 1.691073 | 1.5710712
pr=301 0.278 0.062 3.281073 | 1.1410~7 0
1074 x 0.369 0.082 | 4.391073 | 1.551077 0
0.5 0.114 6.210~2 | 2.0210~7 0
pr=40| 0.316 0.036 | 2.4810~% 0 0
10-5x% 0.418 0.0481 | 3.2410°* 0 0
0.58 0.067 | 4.4310°4 0 0
pr=>501] 0.0457 |2.251073 | 6.41078 0 0
1075x% 0.061 | 3.021073 | 8.21078 0 0
0.085 421073 | 1.071077 0 0
pr=60| 0076 | 1.231073 0 0 0
1075 % 0.102 1.641073 0 0 0
0.143 | 2.251073 0 0 0
pr =280 1248103 | 2.9310° 7 0 0 0
107%% | 3.291073 | 3.91077 0 0 0
4561073 | 4.7810°7 0 0 0




Table7: Asin table5, for pr from 100to 300.

Y 0 1 [ 15] 2 2.5 3 35 4 4.5
pr=100| 7.8 | 6.6 | 5.3 |3.82] 2.33 | 1.11 0.354 0.0484 6.910 %
107" | 10 | 85 | 6.9 | 497 | 3.05 | 1.47 0.469 0.064 910~
133114 ] 9.3 | 6.7 | 4.14 | 2.02 0.65 0.09 1.231073
pr=120 1266|222 | 1.75 | 1.2 | 0.69 | 0.291 | 0.073 5.81073 | 9.5107°
1077x | 344 | 2.89 | 2.28 | 1.57 | 0.9 | 0.387 | 0.098 771073 | 1.11107°
4.59 | 3.87 | 3.06 | 2.13 | 1.23 | 0.53 0.135 0.0106 | 1.54107°
pr=140 | 10.5 | 87 | 6.7 | 441 | 2.35 | 0.88 0.172 71073 | 4.611078
107 8% | 13.7 | 11.3 | 87 | 5.8 | 3.1 1.17 0.229 911073 | 5.410°8
184 | 152 | 11.8 | 7.9 | 4.24 | 1.62 0.317 0.0125 6.110°8
pr =160 | 4.68 [ 3.79 | 2.84 | 1.81 | 0.9 [ 0.296 | 0.0433 761074 0
1078% | 6.1 | 4.96 | 3.73 | 2.38 | 1.19 | 0.396 | 0.058 9.910~* 0
82 | 6.7 | 5.1 | 324 1.63 | 0.55 0.08 1.331073 0
pr=180 226 18 [132] 81 | 3.74 | 1.08 0.115 6.8107% 0
1079% | 29.5 | 23.6 | 17.4 | 10.7 | 4.96 | 1.43 0.152 8.710°4 0
39.8 1319|236 |14.6| 6.8 | 1.99 0.21 1.131073 0
pr=200|11.7] 92 | 6.6 | 3.87 ] 1.67 | 0.415 | 0.0312 | 3.2910°° 0
10°9% [ 153 | 12.1 | 87 | 5.1 | 2.21 | 0.55 | 0.0413 | 4.6810°° 0
206|163 | 11.8| 7 | 3.03 | 0.76 0.056 54107 0
pr=220| 6.4 | 493|346 | 1.95| 0.78 [ 0.167 | 841073 | 4.96107" 0
1079% | 84 | 6.5 | 4.58 | 2.59 | 1.04 | 0.223 | 0.0111 6.510~7 0
11.3] 88 | 6.2 | 3.54 | 1.43 | 0.307 | 0.015 7.11077 0
pr =240 | 3.66 | 2.79 | 1.91 | 1.04 [ 0.385 | 0.07 | 2.241073 | 2.8210~1° 0
1079% | 4.8 |3.67 252|137 | 0.51 | 0.092 | 2921073 | 81010 0
6.5 | 4.99 | 345 | 1.88 | 0.7 | 0.127 | 3.911073 | 9.710710 0
pr=260[21.8]16.3 | 11 | 57 | 1.96 | 0.298 | 5.710~3 0 0
10719% [ 2871 21.6 | 145 | 7.6 | 2.61 | 0.396 | 7.41073 0 0
38.8129.3(19.810.3| 358 | 0.54 | 9.61073 0 0
pr=280 1341 99 | 6.5 [3.24] 1.02 | 0.13 | 1.321073 0 0
10710% | 17.7 | 13.1 | 8.6 | 4.32| 1.37 | 0.172 | 1.731073 0 0
239 |17.8 | 11.8 | 5.9 | 1.87 | 0.234 | 2.181073 0 0
pr=300 85 | 6.2 [398| 1.9 | 0.55 | 0.057 | 2.710°% 0 0
10790% [ 11.2 ] 82 | 5.3 | 252 | 0.73 | 0.076 | 3.6710°4 0 0
152 | 11.1 | 7.2 | 3.46 | 1.01 | 0.103 | 4.410~* 0 0




Table8: As in table5, for pr from 320to 500. In the entrieswith a x the crosssectionis too smallto be computed-eliably.

Yy 0 1 | 15 2 2.5 3 35
pr=2320| 55 [3.97] 25 | 1.14 | 0.304 | 0.0256 | 4.3610~°
1079% | 7.3 | 5.2 | 3.3 | 1.51 | 0.403 0.0334 6.5107°
9.9 | 7.2 | 452 | 2.08 | 0.55 0.0453 | 7.3107°
pr=2340 | 3.67| 26 | 1.6 | 0.7 0.17 0.0114 | 5.11076
10719% | 4.85 | 3.44 | 2.12 | 0.93 | 0.226 | 0.0149 | 721076
6.6 | 4.69 | 2.89 | 1.27 | 0.309 | 0.0199 | 7.710°6
pr =360 | 2.49 [ 1.74 | 1.04 | 0.437 | 0.097 | 5.110=3 | 3.5610~7
1079% | 3.29 | 2.31 | 1.38 | 0.58 | 0.128 | 6.61073 | 4.33107
447 1313 | 1.89 | 0.79 | 0.175 | 871073 | 4.6310~7
pr=2380 171 11.8 | 6.9 | 2.78 | 0.56 0.0223 | 6.410°8
1071 [ 22.8 ] 15.7| 9.2 | 3.7 0.74 0.0288 | 1.2410°7
309 | 214 | 126 | 5.1 1 0.038 1.4610°7
pr=400] 12 | 82 [ 469 | 1.79 | 0.326 | 9.710°3
1071%x | 16 | 108 | 6.2 | 2.38 | 0.43 0.0124 *
21.7 | 14.8 | 85 | 3.26 | 0.58 0.0163
pr=420| 86 | 5.8 [3.21] 1.17 | 0.192 | 4.161073
107"% | 11.3 ] 7.6 | 4.25 | 1.55 | 0.251 | 5.21073 *
155104 | 5.8 | 2.13 | 0.342 | 6.81073
pr=440 | 6.2 | 4.09]223] 0.78 | 0.114 | 1.731073 0
10711%x | 82 | 5.4 | 296 | 1.03 | 0.149 | 2.141073 0
11.2 | 74 | 4.04 | 1.41 | 0.201 | 2.791073 0
pr =460 | 4.53 1294 | 1.57 | 0.52 | 0.068 | 6.910~* 0
1007"% | 6 3.9 1208 | 0.69 | 0.089 | 8510 0
82 | 53 284 | 094 | 0.119 | 1.091073 0
pr =480 | 3.34 [ 2.14 | 1.11 | 0.351 | 0.0407 | 2.6110~* 0
1071 | 4.43 | 2.84 | 1.48 | 0.465 | 0.053 | 3.1610~* 0
6 |3.87 (201 063 | 0.071 | 4.0710°* 0
pr=>500 | 249 [ 1.57 | 0.8 | 0.239 | 0.0244 | 9.310°° 0
107Mx [ 331209 |1.06 | 0.316 | 0.0319 | 1.110°* 0
4.51 | 2.85 | 1.44 | 0.429 | 0.0423 | 1.4510~* 0




2.22 UndestandingTevatron data

It is well knowvn that Tevatrondatafor theintegratedtransersemomentunspectrunin b productionare
systematicalljlargerthanQCD predictions.This problemhasbeenaroundfor a long time, althoughit
hasbecomedessseverewith time. The presentstatusof this issueis summarizedn fig. 11. A similar
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Fig. 11: Theintegratedpr distributionfor singleb productionmeasure@tthe Tevatron,andthecorrespondin@CD prediction.

discrepang is alsoobseredin UAL data(seeref. [12] for details).

Thetheoreticapredictionhasaconsiderableincertaintywhichis mainly dueto neglectedhigher
ordertermsin the perturbatie expansion. In our opinion, it is not unlikely that we may have to live
with this discrepang which is certainly disturbing,but not strongenoughto questionthe validity of
perturbatie QCD calculations.In otherwords,the QCD O(a?) correctionsfor this processareabove
100%of the Born term, andthusit is notimpossiblethat higherordertermsmay give contritutions of
thesamesize.Neverthelessit is usefulto look for higherorderperturbatie effectsandnon-perturbatie
effectsthatmayenhancehecrosssection.

For valuesof p; muchlargerthantheb quarkmass)argelogarithmsof theratiopr /my, arisein the
coeficientsof theperturbatve expansion.Techniquesreavailableto resunmthis classof logarithmsto all
orders.In ref. [23] theNLO crosssectionfor the productionof amasslesparton: (agluonor amassless
quark)hasbeenfoldedwith the NLO fragmentatiorfunctionfor thetransitioni—b [24]. Theevolution
of the fragmentatiorfunctionsresumsall termsof orderayg log" (pr/my) andaft! log" (pr/my). All
thedependencen the b-quarkmasdies in the boundaryconditionsfor the fragmentatiorfunction. The
resultis thenmatchedwith the full NLO crosssection,which containsthe exactdependencen my, up
to ordera?, in away thatavoids doublecounting.Correctiongo theresultof ref. [23] areeitherof order

adlog’ (pr/my), with i < 2, or of ordera? timespositive powersof my,/ |/ p2. + m?.

Figures12-13shav the differentialandintegratedb-quark p distribution obtainedin the frag-
mentationfunction approaclof ref. [23], comparedo the standardixed-ordemNLO result.It shouldbe
notedthatfor high transersemomentahe scaledependencis significantlyreducedwith respecto the



fixed-ordercalculation. Furthermorejt canbe seenfrom fig. 13 that,for 10 2 pr 2 30 GeV, the result
of the fragmentation-functin approacHies slightly above the fixed-orderNLO calculation. This has
beeninterpretedn ref. [23] asan evidencefor large, positive higherordercorrections.Unfortunately
their effectis not easyto quantify Thesehigherordertermsarein factcomputedn a masslessipprox-
imation, andthusfail atlow transersemomenta.In figs. 12-13thesetermsaresuppressetly afactor
thatbecomesmallerandsmallerat low p;. A moredetaileddiscussiorof this point canbe foundin
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Fig. 12: Single-inclusve pr distribution for b productionatthe Tevatronenegy: pureQCD andresummedesults.
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Fig. 13: Integratedpr distribution for b productionatthe Tevatronenegy: pureQCD andresummedesults.

the original reference Here,we simply concludethatsomeevidencefor large higherordertermsin the
intermediatdransyersemomentunregion is presentalthoughdifficult to quantify

Finally, noticethatthe overall effect of the inclusionof higherorderlogarithmsis a steepening
of the pr spectrum.This is quite natural,sincemultiple radiationis accountedor in the resummation
procedure.



It hasbeenarguedthatanintrinsictransersemomentunfor theincomingpartonsmayexplainthe
discrepang obsered at the Tevatron. In fact, large values(up to 4 GeV) of the averagetransersemo-
mentumof theincomingpartonshave beeninvoked to explain directphotonproductiondata[25]. Such
large valuesmuchlargerthantypical QCD scalesareclearlyincompatiblewith the usualapplicationof
perturbatre QCD. Thus,evidencefor sucha largeintrinsic transersemomentuncannotbe claimedon
the basisof a singleobsenrable. In otherwords,we would needevidencefrom several obserables,all
leadingto a similar valueof theintrinsic &, beforewe acceptsucha flaw in theusualperturbatie QCD
description.Neverthelessin the following we will performthe exerciseof applyingvery large intrinsic
transersemomentato the heavy flavour productionprocess.This procedurewill leadto anincreasen
the b transersemomentunspectrumWe will alsoshav, however, thatothervariablesyery sensitve to
anintrinsic trans\ersemomentumihatshouldbe stronglyaffected,do not shaw ary evidenceof that.

Thereareseveral possiblevaysto implementthe presencef a non-zeraransersemomentunof
thecolliding partonsandthechoiceis, to alarge extent,arbitrary Weimplementedt in theFMNR code
in the following way. We call p.(QQ) the total trans\ersemomentumof the pair. For eachevent, in
thelongitudinalcentre-of-masframeof the heary-quarkpair, we boostthe QQ systemto rest. We then
performa trans\erseboost,which givesthe pair a transeersemomentumequalto 7y (QQ) + k(1) +
kr(2); kr(1) andkr(2) arethetransersemomentaof theincomingpartonswhich arechoserrandomly
with their modulidistributedaccordingo

LAV 1 n(R2/02)). @)

N3 (k2)
Thereadercanfind moredetailsin ref. [12].
In fig. 14 we shaw theeffect of anintrinsic k- generatedh thisway, with the (unphysicallylarge)
choice(kr) = 4 GeV (in fig. 14,thesensitvity to thee, parametem thefragmentatiorfunctionis also
shavn; fragmentatiorwill bediscusedn moredetailin the next subsection.)Ve seethat,for p*" < 20
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Fig. 14: The b crosssectionat the Tevatron: the effect of a large intrinsic trans\versemomentum,and the sensitvity to the
fragmentatiorparametet;.

GeV, theky effectis sizeablegvenin the presencef fragmentationprovidedwe allow for unphysically
largeintrinsic k.

It is fair to askwhethersuchlargevaluesarecompatiblewith otherobsenrables.Thereis aparticu-
lar classof obserablesthatareparticularlysensitve to theintrinsic transersemomentum Oneexample



is theazimuthaldistanceA ¢ betweerthedirectionsof theproduced andb. The A¢ distribution is triv-
ial atleadingorder:b andb areemittedback-to-backandtherefore

do
An intrinsic kp of thecolliding partonshasthe effect of smearinghed function. For (kr) = 4 GeVthe
effectis quitedramatic,ascanbeseenin fig. 15. Is suchanimportanteffect consistentith the obsered
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Fig. 15: Theb-b azimuthalcorrelationat the Tevatron: the effect of a large intrinsic trans\ersemomentumandthe sensitvity
to thefragmentatiorparametet,.

azimuthcorrelationsThe CDF andDO collaborationdave measuredhe azimuthalcorrelationof muon
pairsproducedn b decaysln orderto comparewith thesedatasets we haveimplementedn theFMNR

codethesemileptonialecayof b quarks.We have assumedhatthemuoneneqy is distributedaccording
to the predictionof the spectatomodel[26] with masslesgeptons.We have alsochecled thatthe muon
eneqgy distribution givenby PYTHIA leadsto similar results. Our resultsareshowvn in figs. 16 and17,

where CDF and DO dataare superimposedo the perturbatre QCD prediction, with and without an
intrinsic kp with (k7) = 4 GeV\. Tevatrondatado not seemto favour sucha large intrinsic trans\erse
momentum. The measuredlistributions are more pealed at A¢ = 7 thanthe theoreticalcurve with

(kr) = 4 GeV. Theeffectof Petersoriragmentations alsoshavn in bothcases. We thusconcludethat
thedatadoesnot seemto favour large k& effects.

2.23 Single-incusivelistributionsandcorrelationsat the LHC

In this subsectionwe will follow thepragmaticassumptionhatthediscrepang obseredattheTevatron
may eitherbe attributedto a problemin the overall normalizationof the crosssection,or to the presence
of effects, eitherperturbatre or not, that distortthe spectrum.We will continueto modeltheseeffects
asfragmentatioreffectsandintrinsic transersemomentunmeffects,andseeif the LHC candistinguish
amongthetwo. In fig. 18 we plot the b crosssectionwith atransersemomentunrcut. Fromthefigureit
is quite clearthatthe effectsof fragmentatiorandthe effectsof anintrinsic transeersemomentunkick
manifestthemselesin quite a differentway. In particular atp, > 20 GeV even the effect of a very
large transversemomentunkick is small, while fragmentatiorhasa strongimpact. On the otherhand,
the transersemomentumkick increaseshe crosssectionin the intermediatep, region, with a maxi-
mumaround? GeV. The p; coverageofferedby the combined_.HC experimentswill allow aneffective
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Fig. 16: CDF resultson azimuthalcorrelationccomparedvith the perturbatie calculationwith andwithoutintrinsic k.
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Fig. 17: DO resultson azimuthalcorrelationscomparedvith the perturbatie calculation with andwithoutintrinsic k¢

discriminationof the two kinds of effects. For completenessye also shawv in fig. 19 a comparison
of the fixed-ordercalculationof the single-inclusre spectrumusingthe fixed-ordercalculationin two
differentschemedor the light flavour, andthe matched-resummemsult. As in the Tevatroncase the
bandobtainedwith the resummatiorprocedures much narraver at large transeersemomentum. The
correspondingincertaintydoesnot includefragmentatiorfunction uncertaintiesthatwill be discussed
in moredetailfurtheron.

As anexampleof whatcouldbediscriminatedatthe LHC usingcorrelationswe presentn fig. 20
the azimuthalcorrelationof the muonscomingfrom semileptonicB decaysusingtypical cutsthatare
implementedn the LHC experimentstriggersfor B studies. The cures are obtainedwith different
valuesof the ¢, parameterfor the fragmentationfunction, and with or without a very large intrinsic
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Fig. 18: Crosssectionwith atransersemomentuncutatthe LHC.
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Fig. 19: Differentialcrosssectionfor b productionatthe LHC. Thebandsareobtainedby varyingindependentlyherenormal-
izationandfactorizationscaleshy afactorof 2 abose andbelav the centralvalue,whichis theb trans\ersemass.

transersemomentumfor the incoming partons. As one canexpect, the ¢, parametemaffectsonly the
total ratein this case while the primordial trans\ersemomentumhasa considerableffect on the shape
of the distribution. This exampleshaws that, evenwith very simple experimentalsetup,at the LHC it
will bepossibleto testimportantfeaturesof the differentialdistributions.

2.3 Fragmentation function formalism

In analogywith the caseof charmproduction,the agreemenbetweentheoryanddataimprovesif one
doesnotincludeary fragmentatioreffects. It is thennaturalto askwhetherthe fragmentatiorfunctions
commonlyusedin thesecalculationsareappropriate Following the LEP measurement$tagmentation
functionshave appearedo be harderthenpreviously thought. It will beinterestingto seewhetherSLD
new data[27] will helpin clarifying thisissue.

The effect of a non-perturbatie fragmentatiorfunctionon the pr spectrunis easilyquantifiedif
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oneassumes steeply-alling transersemomentundistribution for the produced quark

do
— = Ap M, 4
dpr D (4)
The correspondinglistribution for the hadronis
dohaq M . . VRN e
ot A [ 57 8oz — s1)D(:) dedpr = Apr [z 7ID (). (5)
0

We canseethatthe hadronspectrunis proportionalto the quarkspectruntimesthe M momentof the
fragmentatiorfunction D(z). Thus,thelargerthemomentthelargerthe enhancemerdf the spectrum.

In practice thevalueof M will beslightly dependentiponp;. We thusdefinea p; dependenii/
value

dlogo(pr > p) ¢
— — M (pS® 1 6
and .
Orad(pr > P) = o(pr > p3) X /0 dz2MEE) 1D (z) @)

This givesan excellentapproximatiorto the effect of the fragmentatiorfunction, ascanbe seenfrom
fig. 21.

Sincethe secondmomentof the fragmentatiorfunction is well constrainedoy ete~ data, it is
sensibleto askfor what shapef the fragmentatiorfunction, for fixed (z), onegetsthe highestvalue
for (zM—1). We cornvincedourselesthatthe maximumis achiezed by the functionalform

D(z) = Ad(z) + Bo(1 — z) (8)

which gives

(9)
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Fig. 21: The effect of a Petersoriragmentatiorfunction of the inclusive b crosssection. The (red) dottedlines correspondo
theapproximatioreq.(6), andarealmostindistinguishabldrom the exactresults.

Thisis however not very realistic: somehav, we expecta fragmentatiorfunctionwhich is concentrated
at high valuesof z, andhasa tail at small z. We corvinced ourselesthat, if we imposethe further
constrainthat D(z) shouldbe monotonicallyincreasingpnegetsinsteadthe functionalform

D(z) =A+ B(1 —2), (10)
which gives
Cl=ars i ¥ )T Tarm 1)
We computechumericallythe M/** momentsof the Petersoriorm,
1
D(z) x 5 (12)
< (1 - % - liz)
of theform
D(z) x 2%(1 — 2)P (13)
for g = 1 (Kartvelishvili), for which
- Ia+ MT(a+8+2)
M-1y _ 14
& S e I Tas g 1) (14)
of theform of Collins andSpiller
(=) @)
D(z) x (15)

2
1 €
(1-1-)
andof the form in eq. (10), at fixed valuesof (z) correspondindo the choicese;, = 0.002 and(0.006
in the Petersorform. We foundthatthe pr distribution at the Tevatron,for pr in the rangel0 to 100

GeV, behaeslike p;*, with M arounds. Thereforewe presenin tables9 and 10 valuesof the 4",



Table9: Valuesof the4®, 5** and6'™ moment,at fixed (z) (correspondingo e, = 0.002 in the Petersorform), for different
formsof thefragmentatiorfunction.

(z) =0.879 M=4|M=5|M=6
Peterson 0.711| 0.649| 0.595
Kartvelishvili 0.694| 0.622| 0.562
Collins-Spiller 0.729| 0.677| 0.633
Maximal (eq.(10)) | 0.818| 0.806| 0.798

Table10: Valuesof the4'®, 5" and6*™ momentatfixed(z) (correspondingo €, = 0.006 in the petersorform), for different
formsof thefragmentatiorfunction.

(z) = 0.828 M=4|M=5|M=6
Peterson 0.611| 0.535| 0.474
Kartvelishvili 0.594| 0.513| 0.447
Collins-Spiller 0.626| 0.559| 0.505
Maximal (eq.(10)) | 0.742| 0.724| 0.713

5t and6t™ momentsof the abore-mentionedragmentatiorfunctions. We thusfind that keepingthe
secondmomentfixed the variationof the hadronicp distribution obtainedby varying the shapeof the
fragmentatiorfunctionamongcommonlyusedmodelsis betweerb% and13%for bothvaluesof ¢;,. It
thusseemdlifficult to enhanceahetransersemomentundistribution by suitablechoicesof the form of
thefragmentatiorfunction. With the extremechoiceof eq.(10), onegetsat mosta variationof 50%for
thelargestvalueof ¢, and M. It would beinterestingio seeif suchanextremechoiceis compatiblewith
ete™ fragmentatiorfunctionmeasurements.

3. A STUDY OF HEAVY QUARK NON-PERTURBATIVE FRAGMENTATION IN HERWIG ?
In this Sectionwe presentheresultsof aphenomenologicadtudyof the non-perturbatie hadronization
of b-quarks. Accordingto the standardQCD picture, distributionsfor an obserable hadronH canbe

computedby convoluting the short-distancerosssections (p) with a fragmentatiorfunction Dg}) (2)
thatdescribeshewayin whichtheheary quarkh hadronizesnto H:

dop(p) = / d= D™ () dé (p/2). (16)

Theprecisedefinitionof Dg,‘) (z) depend®nhow muchof theheary quarkevolution afterits production
is absorbednto theperturbatie parts(p), andhow muchis assignedo the non-perturbatie component

parameterisetly Dg,‘) (z). Sinceperturbatiortheory(PT) is well definedfor a massve quark,the stan-
dardprescriptionis to absorhinto 6 (p) notonly the hardmatrix elementsbut alsothe perturbatie part
of the fragmentatiorfunction, definedby the evolution in Q2 down to a scaleequalto the heary quark

massmy,. Dg})(z) will thereforeaccountfor the transitionof an“on-shell” quarkh into the hadronH.
Theassumption$uilt into eq.(16) arethath") (z) dependseitheron thetype of hardprocessnoron

the scaleatwhich i Wasproduced.Undertheseassumptionng,‘) (z) canbeextractedfrom datain one
givenreaction(typically, e™e), andeventuallyusedto predictthe crosssectionin someotherreaction
(pp, DIS andsoon).
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QCDfactorizationtheoremsndicatethatthisuniversalityof Dgl)(z) holdsin theasymptotidimit,
andupto correction®f orderm;, /Q, @ beingthescaleof thehardprocessThesizeof thesecorrections
cannotbe calculated,today in any rigorousway. A possibleapproachto this problemis to turn to
thephenomenologicahodelsof hadronizationmplementedn QCD-basegbarton-shaver Monte Carlo
(PSMC)codes.In PSMCthefull final-statekinematicalconfigurationis availableat boththe partonand
hadronlevels. Therefore,it is possibleto “measure”Dl(L?)(z) usingeq. (16), both doy anddé being
known. In the presentsection,we carry out this programusing the PSMC HERWIG [28]. HERWIG
evolves quarksaccordingto perturbatre QCD down to small scales. The quarksare pairedup at the
endof the evolution into colour singletclusters,which arethendecayedo the physicalhadronsusing
phenomenologicalliistributions. The study of the heary quarkhadronisatiorprocessn HERWIG will
allow usto testthe universalityassumptionandto measurehe sizeof possibledeviations.

We shouldstressthat, at this moment,our conclusionsare only relevant for the hadronization
modelimplementedn HERWIG; other PSMC’s, which treatthe hadronizatiorprocesdifferently (for
example,by adoptinga stringmodel),maywell leadto differentconclusions.

In orderto preciselydefineour procedurefor extracting Dg” (z), we needto considerin more
detailsthe way in which HERWIG generategvents. Regardlessof the type of initial-stateparticles,we
candistinguishthe following steps.

e Hard subpocess:at this stage the PSMCgenerateshe kinematicsfor the basic2—2 hardreac-
tion. We denotethe momentunof the b-quark(or antiquark)aSpgard.

e Parton shower: the partonsresultingfrom the hard subprocessindego successie branchings,
until their virtuality is smallerthana fixed cutoff value. We denotethe momentunof the b-quark
attheendof this phaseasp)”.

e Gluonsplittingandclusterformation: thegluonspresenatthe endof theshaver aredecayednto
light-quark pairs. Coloursinglet, two-body clustersare formed, accordingto colour parenthood
and closenessn the phase-spacelf thereexist one or more clusterwhosemassis too large
(relative to a giventhreshold) partof the clusterrestenepy is transformednto new ¢q pairs,and
new clustersare defined. In this processenegy-momentumis redistrituted amongthe cluster
elementsandthe momentumof the b-quark canthereforebe modifiedwith respecto p;”. The
momentunof theb quarkaftercompletionof the clusteringprocesswill be denotedoy pj’*”.

e Clusterdecayandhadion formation: the clustersdecayinto obserablehadronsaccordingo the
flavour andto talulatedmassspectraWe thereforeobtaind-flavouredhadronsywhosemomentum
we denoteaspp.

The hard subprocessind partonshaver stagesare basedon perturbatre QCD. Thus, we identify the
predictionsgiven by HERWIG at the endof the partonshaver with the crosssections thatappearsn

ed. (16). Onthe otherhand,the gluon splitting andclusterdecaystagesdo not containQCD informa-
tion, asthey areperformedaccordingto a phenomenologicahodel. The g—qqg splitting andthe decay
kinematicsareinducedby simplephase-spaceonsiderationsWe thusidentify thesestagesasthelong-
distance non perturbatie partof the processwhich givesrise to Dgl)(z). We thereforedeterminethe
fragmentatiorfunctionby comparingheresultsfor p}* andp 5, defining,onanevent-by-eentbasis the
following variables:

— . —DS E + — . ~ DS
R R iU (17)
57| b+ |9y

wherep® = pP*/|p¥*|. Our conclusionswill apply to both z1 and z; thus, we will collectiely
denotethemby z. In hadroniccollisions,the momentaandenegieshave to be substitutedy transerse
momentaandtranserseenegiesrespectiely. Our resultsare summarizedn table 11; we considered
ete™ collisionsat /'S = 91.2 GeV andpp collisionsat+/S = 1.8 TeV. In thetable,we presenfour of



Table11: NormalizedMellin momentsof the b-quarknon-perturbatie fragmentatiorfunction. Resultsaregivenfor the case
of ete™ collisionsat /S = 91.2 GeV andfor pp collisionsat v/S = 1.8 TeV. All numbershave a statisticalaccurag of
+0.01.

te” pp

py | pe | ps [ pa || opn [ ope [ ops | pa

7] <5Gev ]| 0.87] 0.78] 0.71] 0.66] 0.95] 0.94] 0.94] 0.96
10 < [p7[ < 15GeV || 0.92] 0.85] 0.80| 0.76 || 0.85| 0.74| 0.66 | 0.60
20 < |p7°| < 25GeV || 0.92] 0.86| 0.81] 0.76 | 0.83| 0.71] 0.63| 0.57
30 < |p7°| < 35GeV | 0.92| 0.85] 0.80| 0.75] 0.82 0.70| 0.62| 0.56

the (normalized)Mellin momentsof the z distribution, definedasfollows:

/dzz Dy /dzD (18)

Usually 0 < z < 1. In the presenttase,aswe will see,we canalsohave z > 1; thus,in eq.(18) the
rangeof integration coincidewith the supportof D(h>( ). The Mellin momentsappearingn table11
have beenevaluatecby consideringoinsin } ﬂps} (in thecaseof hadroniccollisions,themomentumnis the
transwerseone).In ete™ collisionslarger (smaller)valuesof } *ps} correspondo less(more)enegy lost
to gluons.In hadromccolhsmnslarger(smaller)valuesof | *ps| aremorelikely to correspondo larger

(smaller)valuesof the hardprocessnomentunbeforeevolution. In elthercasedependencefD(h)( )
on |p}*| signalsthereforea departurérom universality

By inspectionof the table, we seethat Dg‘) (z) is scale-independertb a very good extent (the
situationappearso beslightly betterin thecaseof e*e™ collisions),exceptfor thevery low p}” region;
this is whatwe shouldexpect,sincein thatregion the factorizationtheoremon which eq. (16) is based
is boundto fail. Ontheotherhand,thereseemdo emepe a cleardifferencebetweerthe fragmentation
functionsextractedfrom ete™ andpp “data”, the latter beingsubstantiallysofterthanthe former The
first moment,which is the averagevalue of the fragmentationvariable,changesy about10%. This
variationcanchangeherateof predictedh-hadronsn hadroniccollisionsby almost50%.

This suggestshattransportingo hadroniccollisionsthenon-perturbatie fragmentatiorfunctions
obtainedby fitting e™e~ datamay not be correct. Of coursea muchmoredetailedinvestigationon the
subjectis requiredbeforereachinga firm conclusion;however, this simpleexerciseof oursshavs that
universalityshouldnot betakenfor granted.

We now concentraten the separateole playedin the fragmentatiorprocessy the purely per
turbative evolution and by the non-perturbatie gluon-splittingphase beforethe clusterformationand
decaytake place.We shallconfineourselesto thecaseof ete™ collisions. Thevariablesrelevantto our
studyarethefollowing:

1. Enepy fractionretainedduring the perturbatre evolution:

2l 1)
p \/§ ‘ﬁbhard}
whereV/S istheete™ CM enepy.
2. Enepgy fractionretainedduring the gluon-splitting:
ﬁglsp
Zglsp = (20)

5°]
b
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Fig. 22: Fragmentatioriunctionsfor b (left) andc (right) quarks producedn e*e ™ collisionsat/s = 91.2 GeV.

3. Enengy fractionleft after the perturbatie evolution andthe gluon-splitting:
2 )ﬁglsp
\/§ }ﬁélard} ’
The left panelin fig. 22 shavs the threedistributionsfor b quarksat /S = 91.2 GeV. The solid
histogranrepresentshedistribution of z,,. Thedistribution hasthe shapeof a Gribov-Lipatov, with no
indicationof a Sudakv turn-over atlarge z,;. Thedottedline is thedistributionin z. A strongdeforma-
tion of thepurelyperturbatie curwe is clearlyseen.Thedashedine correspondso the z 5, distribution.
This is partof whatthe MC treatsasa non-perturbatie componenbf the fragmentatiorprocess.The
peakof thedashechistogramat z,;,, = 1 correspondso eventswherethe clustercontainingthe heary
guarkdoesnot needto be further split, while thetail corresponds$o eventswherethe invariantmassof
theheavy-quarkclusteris toolarge,andadditionallight-quarkpairshave to beproducedy hand.Notice
thatalmostasmucheneqy is lost during this non-perturbatie phaseasis lost during the perturbatre
evolution.

For comparisonye shav the samesetof curvesfor the evolution of the charmquark(right panel
of fig. 22). Notice that while the effect of the perturbatre evolution is to softenthe quark spectrum
relative to the b-quarkcase the amountof enegy lost dueto gluonsplitting is similar ((zy,,,) = 0.82,
asopposedo (zglsp) = 0.85). Thisis bizarre,sinceoneexpectsthe non-perturbatie partto scalewith
1/my,. Thesameresultis foundfor the fragmentatiorof the s quark(left panelof fig. 23). Here(z;,,,)
is 0.81. Again,aviolation of theexpectedl /m;, scaling.

Thingsimprove for the top quark, whosedistributionsfor v/S = 2 TeV areshawvn on the right
panelof fig. 23. The gluon-splittingparthasonly a minor impacton the overall spectrumof the top
quark.

We area bit botheredby the dominantrole playedby the gluon-splittingphase.By comparison,
the next stepin the evolution, namelythe clusterformationanddecay playsonly a minor role, aswill
be shavn next. We would have anticipatedthat the clusterformation and decayshouldbe the place
wheremostof the non-perturbatie physicsshouldshav up. This suggestghat the thresholdsor the
perturbatre evolution in the MC shold be lowered, so that the impact of the non-perturbatie gluon
splitting phases reducedandpurely perturbatie Sudakv effectscanmanifestthemseles.

We now turn againto the non-perturbatie partof the fragmentatiorfunction. The moststriking
feature,that cannotbe inferred from the simple study of Mellin momentsas donein table 11, is the
presenc®f adoublepeakin the high- region (seetheleft panelof fig. 24). A first peak(which we will
call peakA) is seemat z valuesaround0.97. A secondoeak(peakB) isatz = 1.01 (we have a z-bin size

—glsp
@

2= Zps X Zglsp = (22)
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Fig. 23: Fragmentatioriunctionsfor s (left) andt (right) quarks,producedn e*e™ collisionsat /s = 91.2 (left) and2000
(right) GeV.
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Fig. 24: B-mesonnon-perturbatie fragmentationfunctionin ete™ at /S = 91.2 GeV, for 30 GeV< |p| <35 GeV.
CLDIR=1, CLSMR=0. Seethetext for details.

of 0.02. We verifiedthatthe eventscontrikbuting to thepeakB donothave z = 1 + ¢, i.e., the peakis not
dueto aroundof error). Thelatterpeakis higherthantheformer

The origin of this doublepeakcan be tracedbackto the following facts. First, the momentum
of the emitted B mesonis very strongly correlatedwith the momentumof the b quark which enters
the cluster Thereforethe z distribution closelyreflectsthe massspectrumof the light hadronemitted,
togetherwith the B meson,in the clusterdecay Secondthe peakB is almostentirely dueto events
wherethe clusterdecayinto B + «: atthis peak,z > 1 becausehe massof the pion is lighter thanthe
massof thelightestquarksin HERWIG. More in detail, we have obseredthe following facts.

e The structureof the doublepeakis strongly influencedby the valuetaken by the two input pa-
rametersCLDIR andCLSMR. If thedefaultis used(CLDIR=1, CLSMR=0), the doublepeak
is obsened (seethe plot on the left of fig.24). On the otherhand,by settingCLSMR #0, the z
distributions displaya single peak(broaderthat the previous ones)at aboutz = 0.97. For small
CLSMR valuesandlarge b momenta,a secondpeakat z = 1.01 tendsto re-appearalthough
smallerthanobseredbefore.

e Thedoublepeakdisappearslsoif onechoosesCLDIR=0, asin olderHERWIG versions.In this
casethe z distributions peakat aboutz = 0.9, this peakbeingmuchbroaderthatthoseobtained



with CLDIR=1, regardlesof thevalueof CLSMR.

e WethensetCLDIR=1 andCLSMR=0. For ary given B mesonwe lookedfor the parentcluster
C = {bcq}, andfor the parentbottomquark,bp (the parentquarkis definedasin the HERWIG

routineHWCHAD ). We obseredwhatfollows. . o
— Plotting the = distributions for the eventswith p,, # py, (i.e. eventswherethe original

clusterwassplit), we seea singlepeak,atthe samez valueasfor the peakA (solid line, plot
ontheright of fig.24).

— The z distributions for eventssuchthatp,, = p,, displayagaina doublepeak. The two
peaksareatthe samez valuesaspeaksA andB, thelatteronebeingby far dominant.

— Selectingonly eventswith p;,, = pj,,, wefoundthatthepeakatthepositionof B corresponds
to thoseclustersdecayinginto a B mesonanda 7, while the peakat the positionof A is
relevantfor all the othertwo-bodydecayqdottedanddashedines respectiely, plot onthe
right of fig.24).

Overall, noticealsothatthe amountof enegy retainedafterthe gluon-splittingphases of the samesize
asthatretainedat the endof the full hadronizatiomprocessindicatingthat clusterformationanddecay
have aminorimpacton thetotal amountof enegy lost duringthe non-perturbatie partof the evolution.

We werealsoableto reproducehe previousfindingswith a very simplemodel. Givena momen-
tum for aquarkd, we generateandomlythe momentumor alight quarkgq, to be combinedwith b into
a cluster which eventuallydecaysnto a B mesonanda particleof givenmassm p. The momentunmof
thequarkq is allowedto have a (small) transersemomentumwith respecto the directionof the quark
b. After evaluatingthe clustermasswe performedthe decayin therestframeof the cluster eitherin a
isotropicmanner(thus mimicking the choiceCLDIR=0), or by letting the momentumof the mesonB
to be parallelto thatof thequarkb (which correspond$o CLDIR=1 andCLSMR=0). In thelattercase,
dependingiponthevalueof mp, we gotapeakfor z < 1 (if mp > my) orz > 1 (if mp < my).

In conclusionthe z distributionswe find whenusingHERWIG seermotto containalot of dynam-
ical information,themostimportantfeaturedeingthoseimplementedn theclusterdecayroutine.If the
decayis notsmeareaut (CLDIR=0), we getastructurewhichis very difficult to reconcilewith theidea
of fragmentatiorwe have from QCD. After smearingthedistribution still hasa z > 1 tail whichwill be
extremelydifficult to fit with a functionvanishingfor z—1. This problemis relatedto the factthatthe
massof thelightestquarksin the MC is 320MeV, thatis muchlargerthanthe pion mass.We performed
atestby reducingthelight quarkmasseso 20 MeV, andincreasinghe shaver cutof VQCUT in such
away asto maintainthe default valueof the effective infraredthreshold.The doublepeakstructure as
expected disappearedit remainsto be seenhowever, whethersucha smallvalueof the quarkmasses
is, moregenerallyacceptable.

4. A STUDY OF THE bb PRODUCTION MECHANISM IN PHYTIA 3
4.1 Intr oduction

In this section,we presenta studyon bb productionperformedwithin the CMS collaborationusingthe
Monte Carlo packagePYTHIA 5.75asaneventgeneratar In particular we investigatethe influenceof
thecut-of onthe hardinteractiontrans\ersemomentum?; on the productionof bb events.

In Monte Carloprogramspb pairsin hadroncollisionsareproduceddy the mechanismsf gluon
fusion,gluonsplitting andflavour excitation. All of themgive contritutionsof thesameorderto thetotal
crosssection but they give riseto differentkinematicalconfigurationf thefinal state.

Therearetwo waysto generateéb eventsin PYTHIA:

e UsingasteeringcardMSEL=5, a gluonfusionmechanisn{gg — bb) is mainly simulated.Each
eventcontainsatleastonebb pair.

3SectioncoordinatorsS. GennaiA. Starodums, F. Palla, R. Dell’'Orso



e UsingMSEL=1,all QCD2 — 2 processearesimulated.In this caseall productionmechanisms
contrikute to the bb production but the probabilityto find a bb pairin the eventis lessthan1%.

About onemillion eventshave beensimulatedin CMS with MSEL=1, in orderto have a samplewith
all bb productionmechanismsnd default Py THIAcut-of, not to introduceary biasin the kinematics.
Theselectiorefficiency of triggeredeventsout of this samples quitelow. In orderto have highersignal
statisticsjn somecasenecanusekinematicalcutswhich aredifferentfrom the Py THIAdefault. [29].

4.2 bb production

Two samplesave beenpreparedo investigatetheinfluenceof the P, cutontheproductionof bb events.
Both of themhave beengeneratedisingMSEL=1 andcontaineventswith only onebb pair. Only events
with P, > 10 GeV have beenselectedn the samplesThefirst sample(SAMPLE A) hasbeengenerated
with the default 2, cutof 1 GeV andonly eventswith P, > 10 GeV wereselected The secondsample
(SAMPLEB) hasbeengenerateavith 2, > 10 GeV. In bothsampleshefollowing processesontritute:

99 — qq (22)
9% — 94; (23)
99 — g9 - (24)

bb pair is producedby gluon splitting ¢ — bb in initial or final stateshaver evolution (processe¢22)
to (24)) or in the hardinteraction(procesg22)). For both samplesA andB, we have computedhe bb
productioncrosssection

N,—
tot __ bb _tot

Ub% T Ntot 5 (25)
whereN,; is the numberof bb eventswith P, > 10 GeV, N'*! is the total numberof generatedvents,
ando'“! is thetotal crosssection(givenby Py THIA). We find that

o for sampleA, aZ%t = 150 pb. The gluon fusion contritution is about20 ub, while the gluon
splitting contritutionsare~ 30 pb and~ 100 ub for processef23) and(24) respecirely;

o for sampleB, 01°=257 ub. Gluonfusionandgluonsplitting contritutionsareatthe samelevel as
in sampleA. In this case however, therearealsocontritutionsfrom the processe$g — bg and
bqg — bq of about110ub. In thefollowing we will call thesecontrikutionsflavour excitation.

Figure 25 illustratesthe differencein the bb productioncrosssectionsdueto the additionalcontritution
of the flavour excitation mechanismin sampleB. The effect hasthe following explanation. Whenthe
default £, cut-of is used,PYTHIA generateprocessein the low enegy approximationj.e. thereare
no heary quarksinsidethe partondistribution. This approactchangesf oneusesa different 2, cut-of:
the partondistributionsin this caseincludealsob andc quarks.As aconsequenceamplesA andB are
differentin two respectsvaluesof the crosssectionsandsetof productionmechanismsThedifference
in the crosssectionis not very important,becauséhe resultsareusuallynormalizedo thetotal bb cross
sectionof 500 pb. On the otherhand,the different productionmechanismgould be moredangerous,
asthey canleadto differentkinematicaldistributions, andthereforeaffect the efficienciesof physical
selection.

4.3 Kinematics

Themainkinematicalparametersvhich definethe signatureof bb eventarethetransersemomentaand
pseudorapiditiesf the b quarks,andthe angulardistanceA¢ betweertheir directionsin thetranswerse
plane.Thefirst two parametersave similar distributionsin bothsamplesThe A¢ distributionis shavn
in fig. 26for thethreedifferentmechanismsi-or whatconcerngluonsplitting, thedistribution is slightly
pealedatsmall A¢. Theanglebetweerthetwo b-quarksproducedoy the gluon-fusionmechanismhas
apeakat A¢ ~ 7, asexpectedsincein theprocessjg — bb the b-quarksareproducedback-to-backn
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Fig. 25: Crosssectionwith the two differentcut-off on P,. The solid line is with the default cut-off (1 GeV). The pictureis
obtainedwith Py THIA 5.75.

thetrans\erseplane. Thelastdistribution correspondso the flavour excitation productionmechanism,
for which the back-to-backopologyis preferred. We can concludethat the total A¢ distributions of
sampleA andsampleB areslightly different. Somecareshouldbetakenaboutthis, asit couldaffectthe
estimatecefficiengy of selectioncuts.

4.4 PYTHIA 6.125

We have studiedthe sameproblemusingthe new 6.125versionPYTHIA. We have generatedwo new
samplesA andB with PYTHIA 6.125,andwe have foundthefollowing results:

e SampleA: thebb productioncrosssectionis alt)gf=230ub. Gluonfusion contritutes~ 50 b and
gluonsplitting gives40 pb and140 ub via processef23) and(24) respecirely.

e SampleB: bb productioncrosssectionis aZ%t:Zloub, whichis similarto thevalueof sampleA. In
this case however, gluonfusionandgluonsplitting contritutionsaredecreasethy abouta factor
2. The contrilution from the flavour excitationis about100 ub.

Evenif the total crosssectionis in good agreemenbetweenthe two samplesjt is clearthat the way
PYTHIA 6.125generatedb pairs dependson the P; cut-of. Contraryto PYTHIA 5.75,in the new
versiongluonsplitting andfusion contritutionsaredifferentin thetwo samples.
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Fig. 26: Angle betweenthe two b quarksin the trans\erseplane:the upperoneis gluonsplitting, the middle is gluon fusion,
thelastis relatedto flavour excitation. In the plotsthe valuesarenot normalized.

4.5 Interpretation

Many of thefeaturesof Py THIA illustratedin this sectionareeasilyexplained. It turnsoutthatPy THIA
treatsdifferently processsewvith a low and high p. The limit is relatedto the scaleof multiple
interactionswhichis fixedto 2 GeVin theolderversionsandwasmadeenegy dependenin Py THIA 6,
being3.2GeV atthe LHC enegy. Whenp™ is above this scale the hardprocesss selectedaccording
to conventionalmatrix elementsBelow this scale the hardesinteractionis insteadtakenfrom thenave
jet crosssectionmultiplied by a “Sudalov style” form factor thatrepresentshe probability thathigher
pr interactiongdid nottake placein therestof the event. Sincethis procedurémpliesthe computation
of all parton-partorscatteringprocessesthe choicewas madeto excludefrom it theincomingb and
¢ componentsto save time in the computation.This featureis no longerconsideredisefulin modern
times, the computersbeing muchfaster Thus,in PYTHIA 6.138,alsothe b and ¢ processesvill be

4T. SjostrandandE. Norrbin, privatecommunication.



implementedn thelow pr mode.

The differencein thetotal crosssectionin PYTHIA 5.7 and6.1 have a physicalorigin, since6.1
usesnewer partondistributionsthat,accordingo HERA data,aremoresingularin the smallz region.

As of now, no explanationis givenwhy gluonfusionandgluonsplitting contritutionsshoulddrop
by afactorof 2 whengoingfrom sampleA to B in Py THIA 6.125;furtherstudieswill berequired.

Theauthorsof Py THIA recommendhefollowing procedurdor thegeneratiorof b events.Parton
fusionandflavour excitation canbe generategeparatelytherelevantmassie matrix elementsareused
for partonfusion,andonecangoto thelimit p—0 with thisprocessGluonsplitting cannotbegenerated
separately:all hard processesnustbe generatedexcluding partonfusion and flavour excitation, and
oneshouldlook for the heary flavour. Multiple interactionsarethereswitchedoff, in orderto avoid a
double-countingf thejet crosssection.This is adequatdor the studyof theb productionpropertiesput
clearlydoesnot fully representhe structureof the underlyingevent. In future Py THIA versionswhen
flavour excitationis includedin the minimumbiasmachinerywith multiple interaction thislattershould
offer an almostequialentalternatve, but still without the correctmasstreatmentof the partonfusion
processearthreshold.Otherlimitationsstill remainfrom complex problemsrelatedto thetreatmenof
beamremnantstherefore flavour excitation is only enabledfor the hardesinteractionin the multiple-
interactionscenario.

A sampleof commentedtodeis includedbelown. By usingdifferentflags(MEKIND=0,1,2)three
sampleswill begeneratedpartonfusion,flavour excitationandgluonsplitting.

INTEGER KFINTMP(-40:40 )
C... Multiple interactions switched  off
MSTP(81)=0
PARP(81)=0.D0
PARP(82)=0.D0
C...  Maximum virtuality in ISR is PARP(67)*Q**2
C... This is the default in Pythia 6.137
PARP(67)=1.D0
C... Choose heavy quark (bottom=5, charm=4)
MASSIVE=5
C... Helper variable
HQOMASS=PMAS(M&S$/ E, 1)
C... Choose the kind of heavy quark production:
C... MEKINDis a local variable set to 0, 1 or 2
IF (MEKIND==0) THEN ! Massive matrix elements
MSEL=MASSIVE
ELSE IF (MEKIND==1) THEN ! Flavour excitation
MSEL=1
CKIN(3)=HQMASS
CKIN(5)=CKIN(3)
ELSE IF (MEKIND==2) THEN ! Gluon splitting (ISR, FSR)
MSEL=1
CKIN(3)=HQMASS
CKIN(5)=CKIN(3)

END IF
C... More restrictive cuts can be put here.
C... Example, 100 events in total.

NEVENTS=100
C ** EVENT LOOP **
IF (MEKIND==1) NEVENTS=NEVENTS



C... Loop over incoming partons

DO ISIDE=1,2
IF (MEKIND/=1.AND. ISIDE==1) THEN
GOTO100
ELSE IF (MEKIND==1) THEN
C... Only for flavour excitation:
C... Make backup copy of KFIN array
DO IKF=-40,40
KFINTMP(IKF)=K FI N(IS IDE,I KF)
C... Remove all incoming partons:
KFIN(ISIDE,IKF  )=0
END DO
C... Select only b/bbar as incoming partons:

KFIN(ISIDE, MASSIVE)=1
KFIN(ISIDE,-MASS IVE)=1

END IF
DO IEV=1,NEVENTS
C... Generate an event
CALL PYEVNT
C... For gluon splitting, remove events with HQin the hard interaction
C... to avoid double counting:
IF (MEKIND==2) THEN
DO I=5,8
IF (ABS(K(l,2))==M  ASSV E) GOTO50
END DO
END IF
C... Analysis...
50 END DO
C... Print statistics

CALL PYSTAT(1)
C... Restore KFIN matrix:
IF (MEKIND==1.AND. ISIDE==1) THEN
DO IKF=-40,40
KFIN(ISIDE,IKF)= KFINTMP(I KF)
END DO
END IF
100 END DO

5. ASYMMETRIES ®
5.1 Intr oduction

Sizeableleadingparticle asymmetriedetweene.g. D~ andD* have beenobsered in several fixed
tamgetexperimentg30]. It is of interestto investigateo whatextentthesephenomen#&anslateo bottom
productionandhigherenegies. No previous experimenthasobsered asymmetriegor bottomhadrons
dueto limited statisticsor otherexperimentalobstaclesBottomasymmetriegrein generakexpectedo
be smallerthanfor charmbecausf thelarger bottommass but thereis no reasonwhy they shouldbe
absentlIn thefixedtamgetexperimentHERA-B, bottomasymmetriesouldvery well belarge[31] even
at centralrapidities,but the conclusionof the presensstudyis thatasymmetriest the LHC arelikely to
be small. In the following we studypossibleasymmetriebetweenB andB hadronsatthe LHC within

SSectioncoordinatorsE. Norrbin andR. Vogt



the Lund stringfragmentatiormodel[32] andtheintrinsic heary quarkmodel[33].

In the string fragmentatiormodel[34], the perturbatiely producecheary quarksarecolourcon-
nectedto the beamremnants. This givesrise to beam-drageffects where the heary hadroncan be
producedat larger rapiditiesthanthe heary quark. The extremecasein this directionis the collapseof
a small string, containinga heary quarkanda light beamremnantvalencequarkof the proton,into a
singlehadron. This givesriseto flavour correlationswhich are obsered asasymmetriesThus,in the
stringmodel,therecanbecoalescencbetweera perturbatiely producedottomquarkandalight quark
in thebeamremnantproducinga leadingbottomhadron.

Thereis alsothe possibility to have coalescencdetweenthe light valencequarksand bottom
guarksalreadypresentin the proton, becausehe wave function of the proton canfluctuateinto Fock
configurationscontaininga bb pair, suchas [uudbb). In thesestatestwo or moregluonsareattached
to the bottomquarks reducingthe amplitudeby O(a?2) relative to partonfusion[35]. Thelongest-lved
fluctuationsin stateswith invariantmassM have a lifetime of O(2P.;,/M?) in the target restframe,
where P}, is the projectile momenta. Sincethe comoving bottom and valencequarkshave the same
rapidity in thesestatesthe heary quarkscarryalarge fraction of the projectilemomentumandcanthus
readily combineto producebottom hadronswith large longitudinalmomenta. Sucha mechanisntan
thendominatethe hadroproductiomate at large zr. This is the underlyingassumptiorof the intrinsic
heary quarkmodel[33], in whichthewave functionfluctuationsareinitially far off shell. However, they
materializeasheary hadronswhenlight spectatolquarksin the projectile Fock stateinteractwith the
tamget[36].

In bothmodelsthecoalescencprobabilityis largestat smallrelative rapidity andratherlow trans-
versemomentumwherethe invariantmassof the Qq systemis small,enhancinghe bindingamplitude.
Oneexceptionis at very large p | , wherethe collapseof a scatteredralencequarkwith ab quarkfrom
the partonshaver is alsopossible giving a further (small) sourceof leadingparticleasymmetriesn the
stringmodel.

5.2 Lund String Fragmentation

Before describingthe Lund string fragmentatiormodel, somewords on the perturbatre heary quark
productionmechanismécludedin the Monte CarloeventgeneratoPY THIA[37] usedin this studyis in
order We studypp eventswith onehardinteractionbecauseventswith no hardinteractionarenot ex-
pectedo produceheary flavoursandeventswith morethanonehardinteraction— multiple interactions
— arebeyondthescopeof thisinitial studyandpresumablywould notinfluencethe asymmetriesAfter
thehardinteractionis generatedpartonshaversareaddedpothto theinitial (ISR) andfinal (FSR)state.
The branchingsn the shaver aretaken to be of lower virtualities thanthe hardinteractionintroducing
avirtuality (or time) orderingin the event. This approactyivesriseto several heary quarkproduction
mechanismswhich we will call pair creation flavour excitation and gluon splitting  The namesmay
be somavhat misleadingsinceall threeclassesreatepairsat g—QQ vertices,but it is in line with the
colloguialnomenclatureThethreeclassesrecharacterizeasfollows.

Pair creation Thehardsubprocesss oneof thetwo LO partonfusionprocessegg—QQ or qg—QQ.
Parton shavers do not modify the productioncrosssectionsbut only shift kinematics. For in-
stance,n the LO description,the Q andQ have to emege back-to-backin azimuthin orderto
consere momentumwhile the partonshaver allows a net recoil to be taken by oneor several
furtherpartons.

Flavour excitation A heay flavour from the partondistribution of one beamparticleis put on mass
shell by scatteringagainsta partonof the otherbeam,i.e. Qq—Qq or Qg—Qg. Whenthe Q is
nota valenceflavour, it mustcomefrom a branchings— QQ of the parton-distrilition evolution.
In mostcurrentsetsof parton-distriition functions, heavy-flavour distributions are assumedo
vanishfor virtuality scalesQ? < mé The hardscatteringnustthereforehave a virtuality above

mQQ. Whenthe initial-state shawver is reconstructedackwards[38], the g—QQ branchingwill



be encounteredprovided that Q, the lower cutof of the shaver, obe/s Q3 < mé. Effectively

the processeshereforebecomeat leastgq—QQq or gg—QQg, with the possibility of further
emissions.In principle, suchfinal statescould also be obtainedin the above pair-creationcase,
but the requirementhatthe hardscatteringnustbe morevirtual thanthe shaversavoids double
counting.

Gluon splitting A g—QQ branchingoccursin theinitial- or final-stateshover but no heavy flavoursare
producedn the hardscattering Herethe dominantQQ sourceis gluonsin thefinal-stateshavers
sincetime-like gluonsemittedin theinitial statearerestrictedto a smallermaximumvirtuality.
Exceptat high enegies, mostinitial stategluon splittingsinsteadresultin flavour excitation, al-
readycoveredabore. An ambiguityof terminologyexistswith initial-stateevolution chainswhere
agluonfirst branchego QQ andthe Q later emitsanothergluon that entersthe hardscattering.
From anideologicalpoint of view, this is flavour excitation, sinceit is relatedto the evolution
of the heary-flavour partondistribution. From a practicalpoint of view, however, we chooseto
classifyit asgluonsplitting, sincethe hardscatteringloesnot containary heary flavours.

In summarythethreeclasse@bove arethencharacterizetbhy having 2, 1 or 0, respectiely, heary
flavoursin the final stateof the LO hardsubprocessAnotherway to proceeds to addnext-to-leading
order(NLO) perturbatie processes,e the O(a?) correctiondo thepartonfusion[3] [4]. However, with
our currentlyavailable setof calculationaltools, the NLO approachis not sowell suitedfor exclusive
Monte Carlostudiesvherehadronizatioris addedo the partonicpicture.

Flavour excitation andgluon splitting give significantcontritutionsto the total b crosssectionat
LHC enegiesandthusmustbe consideredvhenthis is of interest,seethe following. However, NLO
calculationsprobablydo a betterjob on the total b crosssectionitself (while, for the lighter ¢ quark,
productionin partonshaversis solargethatthe NLO crosssectionsaremorequestionable)The shapes
of singleheary quarkspectraarenot alteredas muchasthe correlationsbetweenQ andQ whenextra
productionchannelsare added. Similar obserations have beenmadewhen comparingNLO to LO
calculationd3] [5]. Likewise,asymmetriebetweersingleheary quarksarealsonot changednuchby
addingfurtherproductionchannelssofor simplicity we consideronly the pair creationprocessere.

After aneventhasbeengeneratedt the partonlevel we addfragmentatiorto obtaina hadronic
final state.We usethe Lund stringfragmentatiormodel. Its effectson charmproductionweredescribed
in [32]. Herewe only summarizeéhe mainpoints.

In the string model, confinemenis implementedoy spanningstringsbetweenthe outgoingpar
tons. Thesestringscorrespondo a Lorentz-irvariantdescriptionof a linear confinemenpotentialwith
stringtensions ~ 1 GeV/fm. Eachstring piecehasa colour chage at oneendandits anticolourat the
other Thedoublecolourchage of thegluoncorrespondso it beingattachedo two string pieceswhile
aquarkis only attachedo one. A diquarkis consideredasbeingin a colour antitripletrepresentation,
andthusbehaes(in this respectlike anantiquark. Theneachstring containsa colourtriplet endpoint,
a number(possiblyzero) of intermediategluonsanda colour antitriplet end. An eventwill normally
containseveral separatestrings,especiallyat high enegieswhereg—qq splittingsoccurfrequentlyin
the partonshaver.

Thestringtopologycanbedervedfrom the colourflow of the hardprocesswith someambiguity
arisingfrom coloursuppresseterms. Considere.g. the LO processzg—bb wheretwo distinct colour
topologiesare possible.Representinghe protonremnantby au quarkanda ud diquark (alternatvely
d plus uu), one possibility is to have the threestringsb—ud, b—u andu-ud, fig. 27, andthe otheris
identicalexcepttheb is insteadconnectedo theud diquarkof the otherprotonbecauseheinitial state
is symmetric.

Oncethe string topology has beendeterminedthe Lund string fragmentationmodel [34] can
be appliedto describethe nonperturbatie hadronization. To first approximationwe assumehat the
hadronizationof eachcolour singletsubsystemi.e. string, canbe consideredseparatelyfrom that of
all the other subsystems.Presupposinghat the fragmentationrmechanisms universal,i.e. process-
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Fig. 27: Exampleof a string configurationin a pp collision. (a) Graphof the processwith bracletsdenotingthe final colour
singletsubsystemgb) Correspondingnomentunspacepicture,with dashedinesdenotingthe strings.

independentthe good descriptionof e*e~ annihilationdatashouldcarry over. The main difference
betweenete~ and hadron—hadrorventsis that the latter containbeamremnantswhich are colour
connectedvith the hard-scatteringartons.

Dependingon the invariant massof a string, practicalconsiderationsead us to distinguishthe
following threehadronizatiorprescriptions:

Normal string fragmentation In the ideal situation,eachstring hasa large invariantmass. Thenthe
standardterative fragmentatiorschemefor which theassumptiorof a continuumof phase-space
statesis essentialworks well. The averagemultiplicity of hadronsproducedfrom a string in-
creasedinearly with the string ‘length’, which meanslogarithmically with the string mass. In
practice this approacltanbeusedfor all stringsabove somecutof massof afew GeV.

Cluster decay If astringis producedwith a smallinvariantmass perhapsnly a singletwo-bodyfinal
stateis kinematicallyaccessibleln this casethe standardterative Lund schemas notapplicable.
We call sucha low-massstring a clusterand considerits decayseparately Whenkinematically
possible,a Q—q clusterwill decayinto one heary andonelight hadronby the productionof a
light qq pairin thecolourforcefield betweerthetwo clusterendpointswith thenew quarkflavour
selectedaccordingto the samerulesasin normalstring fragmentation.The q clusterendor the
new q pair may alsodenotea diquark. In the latestversionof PyTHIA, anisotropicdecayof a

clusterhasbeenintroduced,wherethe massdependencef the anisotroy hasbeenmatchedto
stringfragmentation.

Cluster collapse This is the extremecaseof clusterdecay wherethe string massis so small thatthe
clustercannotdecayinto two hadronslt is thenassumedo collapsedirectly into a singlehadron
whichinheritstheflavour contentof thestringendpoints.Theoriginal continuumof string/cluster
massess replacedby a discretesetof hadronmassesmainly B and B* (or the corresponding
baryonstates).This mechanisnplaysa specialrdle sinceit allows flavour asymmetriesavouring
hadronspecieghatcaninheritsomeof thebeam-remnarftavour contentsEnegy andmomentum
isnotconseredin thecollapsesothatsomeenegy-momentunhasto betakenfrom, or transferred

to, the restof the event. In the new version,a schemehasbeenintroducedwhereenegy and
momenturmareshufled locally in anevent.

We assumehatthe nonperturbatie hadronizatiorprocessloesnot changethe perturbatiely cal-
culatedtotal rateof bottomproduction.By local duality agumentq39], we furtherpresumehattherate
of clustercollapsecanbeobtainedrom the calculatedateof low-massstrings.In theprocess: e~ —cc
local duality suggestshatthe sumof the J /¢) and)’ crosssectionsapproximatelyequalthe perturbatie
cc productioncrosssectionin the massintenal below the DD-threshold. Similar aigumentshave also
beenproposedor + decayto hadrong40] andshavn to be accurate.In the currentcase the presence



of otherstringsin the event also allows soft-gluonexchangedo modify partonmomentaas required
to obtainthe correcthadronmassesTraditionalfactorizationof short-andlong-distanceghysicswould
thenalsopresere thetotal bottomcrosssection.Local duality andfactorization however, do notspecify
howto consere the overall enegy andmomentunof aneventwhena continuumof bd massess to be
replacedby a discreteBC. In practice however, the differentpossiblehadronizatiormechanismslo not
affect asymmetriesnuch. The fraction of the string-masdlistribution belov the two particlethreshold
effectively determineghetotal rateof clustercollapseandthereforetheasymmetry

Theclustercollapseratedepend®n severalmodelparametersThemostimportantonesarelisted
herewith the Py THIA parametewaluesthatwe have used.The Py THIA parametersreincludedin the
new default parametesetin PYTHIA 6.135 andlaterversions.

e Quark massesThe quarkmassesffect the thresholdof the string-masdistribution. Changing
the quarkmassshifts the string-masghresholdrelative to the fixed massof the lightesttwo-body
hadronicfinal stateof the cluster Smallerquarkmassesmply larger belov-thresholdproduction
andanincreasedsymmetry The new default massearePMAS(1) = m, = PMAS(2) = mq =
0.33D0,PMAS(3) = ms = 0.5D0,PMAS(4) = m. = 1.5D0andPMAS(5) = my, = 4.8DO0.

e Width of the primordial %, distribution. If theincomingpartonsaregivensmallp, kicksin the
initial state asymmetriesanappeamtlargerp  sincethebeamremnantsaregivencompensating
p.1 kicks, thusallowing collapsesat largerp, . The new parameterare PARP(91)=1.D0 and
PARP(93)=5.D0 .

e Beamremnantdistrib ution functions (BRDF). Whenagluonis pickedoutof theproton,therest
of the protonforms a beamremnantconsisting to first approximationof a quarkanda diquark.
How theremainingenegy andmomenturmshouldbe split betweenthesetwo is not known from
first principles. We thereforeusedifferent parameterizationsf the splitting function and check
the resultingvariations. We find significantdifferencesonly at large rapiditieswherean uneven
enegy-momentunsplitting tendto shift bottomquarksconnectedo abeamremnandiquarkmore
in thedirectionof thebeamremnanthencegiving riseto asymmetriesit very large rapidities.We
useanintermediatescenarian this study givenby MSTP(92)=3 .

e Thresholdbehaviour betweencluster decayand collapse. Considera bd clusterwith anin-
variantmassat, or slightly above, the two particle threshold. Shouldthis clusterdecayto two
hadronsor collapseinto one? In oneextremepoint of view, a Br pair shouldalwaysbe formed
whenabove thisthresholdandnever asingleB. In anotherextreme,the two-bodyfractionwould
graduallyincreaseat a successionf thresholdsBx, B*m, Bp, B*p, etc.,wheretherelative prob-
ability for eachchannels given by the standardlavour andspin mixturein string fragmentation.
In our currentdefault model,we have choserto steera middle courseby allowing two attempts
(MSTJ(17)=2 ) to find a possiblepair of hadrons. Thusa fraction of eventsmay collapseto a
singleresonancalsoabore the Br threshold put B is effectively weightedup. If alargenumber
of attemptshadbeenallowed (this canbe variedusingthe free parameteMSTJ(17) ), collapse
would only becomepossiblefor clustermassedelav the Bz threshold.

The colour connectionbetweenthe producedheary quarksandthe beamremnantdn the string
modelgivesriseto an effect calledbeamremnantdrag. In anindependenfragmentatiorscenaricthe
light coneenegy momentunmof the quarkis simply scaledoy somefactorpicked from afragmentation
function. Thus,on averagetherapidity is conseredin thefragmentatiorprocessThisis notnecessarily
soin string fragmentationwhereboth string endscontritute to the four-momentumof the produced
heary hadron.If the otherendof the stringis a beamremnantthe hadronwill be shiftedin rapidity in
the directionof the beamremnantresultingin anincreasen |y|. This beam-drads shavn qualitatively
in fig. 28, wherethe rapidity shift is shavn asa function of rapidity andtranssersemomentum. This
shift is not directly accessiblexperimentally only indirectly as a discrepang betweenthe shapeof
perturbatrely calculatedquarkdistributionsandthe data.
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Fig. 28: (a) Averagerapidity shift Ay = (ys — y1) asa functionof y for somedifferentp cuts. (b) Averagerapidity shift
(|Ay|) in thedirectionof “the otherendof thestring” thatthe bottomquarkis connectedo, i.e. ignoringthe sign of the shift.

5.3 Intrinsic Heavy Quarks

Thewavefunctionof a hadronin QCD canbe representedsa superpositiorof Fock statefluctuations,
e.g. |nv), [nve), InvQQ), ...componentsvhereny = uud for a proton. Whenthe projectilescatters
in thetamet, the coherencef the Fock componentss broken andthe fluctuationscanhadronizeeither
by uncorrelatedragmentatiorasfor leadingtwist productionor coalescencwith spectatoguarksin the
wavefunction[33] [36]. Theintrinsicheary quarkFockcomponentsrregeneratedby virtual interactions
suchasgeg — QQ wherethe gluonscoupleto two or more projectile valencequarks. Intrinsic QQ
Fock statesare dominatedby configurationswith equalrapidity constituentsso that, unlike seaquarks
generatedrom asingleparton,theintrinsic heary quarkscarryalarge fractionof the parentmomentum
[33].
Theframe-independergrobability distribution of ann—particlebb Fock stateis
dBy o1 — 37 i)

—2— =N, = , (26)
d;---dzy (mizl - ZL=1(mL2/fUz))2

wherem? = kh + m? is the effective trans\ersemassof the i particleandz; is the light-conemo-
mentumfractlon The probablllty P}, is normalizedby N,, andn = 5 for baryonproductionfrom the
|nybb) configuration.The deltafunction consereslongitudinalmomentum.The dominantFock con-
figurationsareclosesto thelight-coneenegy shellandthereforetheinvariantmass,M? = ", m? /z;,

is minimized. Assuming(l_{j ;) is proportionalto the squareof the constituentguark mass,we choose
g = 0.45 GeV, g = 0.71 GeV, andmy, = 5 GeV [41] [42].

Thez distribution for a singlebottomhadronproducedrom ann-particleintrinsic bottomstate
canberelatedto P} andtheinelasticpp crosssectionby

oly(op) _ dPu s, 1 ol
dIF d.CL'F pp4ﬁl2b 5

M) - (27)

Theprobabilitydistribution is the sumof all contritutionsfrom the |nybb) andthe |nybbqq) configura-
tionswith q = u, d, ands andincludesuncorrelatedragmentatiorandcoalescencegsdescribedelow,
whenappropriatg43]. Thefactorof 1% /4m? arisesrom thesoftinteractionwhich breakshecoherence
of theFockstate. Wetake u? ~ 0.1 GeV? [44]. Theintrinsic charmprobability P5 = 0.31%, wasdeter
minedfrom analyse®f the EMC charmstructurefunctiondata[45]. Theintrinsic bottomprobabilityis
scaledrom theintrinsic charmprobability by the squareof thetrans\ersemassesP,, = P (/i )?.



The intrinsic bottom crosssectionis reducedrelative to the intrinsic charmcrosssectionby a factorof
ad(M,5) /ol (M) [46]. Takingthesefactorsinto accountwe obtainof, (pN) ~ 7 nbat14 TeV.

Thereare two ways of producingbottom hadronsfrom intrinsic bb states. The first is by un-
correlatedragmentation.If we assumehatthe b quarkfragmentsinto a B meson,the B distribution
is

T = [ Hdwz S (29)

In z

Thesedistributionsareassumedor all intrinsic bottomproductionby uncorrelatedragmentatiorwith
Dpgpp(z) = 6(z — 1). At low py, this approximationshouldnot be too bad, as seenin fixed target
production[42].

If the projectile hasthe correspondingralencequarks,the bottom quark canalso hadronizeby
coalescencevith the valencespectators.The coalescencelistributions are specificfor the individual
bottomhadronslt is reasonabléo assumehattheintrinsic bottomFock statesarefragile andcaneasily
materializeinto bottomhadronsn high-enegy, low momentuniransferreactionghroughcoalescence.
Thecoalescenceontritution to bottomhadronproductionis

dP”C - dPp
by, _/del 1b S(zg —zH, — —TH,,) - (29)
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wherethe coalescencéunction is simply a deltafunction combiningthe momentumfractionsof the
guarksin the Fock stateconfigurationthatmale up the valencequarksof thefinal-statehadron.

Not all bottomhadronscanbe producedfrom the minimal intrinsic bottom Fock stateconfigu-
ration, |nybb). However, coalescenceanalsooccurwithin higherfluctuationsof the intrinsic bottom
Fock state.For example,in the proton,the B~ andEg canbe producedby coalescencéom |nybbut)
and |nybbss) configurations. Thesehigher Fock stateprobabilitiescan be obtainedusing earlier re-
sultson ¢ pair production[47] [48]. If all the measured)y pairs[49] arisefrom |nyccce) config-
urations, P.. ~ 4.4% P, [48] [50]. It wasfound that the probability of a |nyceqq) statewasthen

Pieq = (e/Mq)? Pec [47]. If wethenassumeP,y, = (1 /1) % Pieq, We find that

~ 2 ~ 2
Pibq ~ <%> <%> Piec ’ (30)

my mg
leadingto Py, = Pipa = 70.4% Py, and Py,s ~ 28.5% Py,. To goto still higherconfigurationspne
canmake similarassumptionsHowever, asmorepartonsareincludedin the Fock state the coalescence
distributions softenandapproacthe fragmentatiordistributions, eventually producingbottomhadrons
with lessmomentumthanuncorrelatedragmentatiorfrom the minimal bb stateif a suficient number
of qq pairsareincluded. Thereis thenno longerary adwantageto introducingmorelight quarkpairs
into the configuration—thaelative probability will decreasavhile the potentialgainin momentumis

not significant. Therefore we considerproductionby fragmentatiorandcoalescencéom the minimal
stateandthenext higherstateswvith uu, dd andss pairs.

The probability distributionsenteringEg. (27) for B® andB’ are
dPpgo ( 1 dPyf  1dPy° ) < 1 dPIF L1 d]%fﬁ)

ibu

dl‘F 10 d.%‘F 4 dIF 10 dJ?F 5 d.%‘F
Larfh | 2dPIGY 1 (1 argt  1drS o
10 dry 5 dry 10 dxrp 5 dry
R T YR T S
drp 10 dxp 10 dxw 10 dxp 8 dxp 10 dzp

SeeRef.[43] for moredetailsandthe probability distributionsof otherbottomhadrons.



5.4 Model predictions

In this sectionwe presensomeresultsfrom both models. Figure 29 shavs the asymmetrybetweenB®

andB" asa function of y for several p, cutsin the string model. The asymmetryis essentiallyzero
for centralrapiditiesandincreaseslowly with rapidity. Whenthekinematicallimit is approachedthe
asymmetrychangessignfor smallp; becausef the drag-efect sinceb-quarksare often connectedo

diguarksfrom the protonbeamremnantfig. 27, thus producingE0 hadronswhich areshiftedmorein

rapidity thanB. Clustercollapsepontheotherhand tendto enhancehe productionof leadingparticles
(in this caseB") sothe two mechanismgive rise to asymmetriesvith differentsigns. Collapseis the
main effectat smallrapiditieswhile eventuallyat very large y, thedrageffect dominates.
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Fig. 29: Theasymmetry A = %, asa function of rapidity for differentp, cuts: (a) p. < 5,10 GeV and (b)

p1 > 5,10 GeVusingparametesetl asdescribedn thetext.

In Table 12 we studythe parametedependencef the asymmetryby looking at the integrated
asymmetnyfor differentkinematicalregionsusingthreedifferentparametesets:

e Setlisthenew defaultaspresentedn section5.2.

e Set2 The sameasSet1 exceptit usessimple countingrulesin the beamremnantsplitting, i.e.
eachquarkgeton averageonethird of the beamremnantnegy-momentum.

e Set3 The old parametesset, beforefitting to fixed-taget data,is includedasa reference.This
setis characterizedby currentalgebramasseslower intrinsic £ , andanuneven sharingof beam
remnantnegy-momentum.

We seethatin the centralregion the asymmetryis generallyvery smallwhereador forward (but
not extremely forward) rapiditiesand moderatep ;| the asymmetryis around1-2%. In the very for-
wardregion at smallp, , dragasymmetrydominatesvhich canbe seenfrom the changen sign of the
asymmetry Theasymmetryis fairly stableundermoderatevariationsin the parametergventhoughthe
differencebetweenthe old and nev parametesets(Setl and 3) arelarge in the centralregion. Setl
typically givesriseto smallerasymmetries.

The crosssectionsfor all intrinsic bottom hadronsare given asa function of xg in fig. 30. The
bottombaryondistributionsareshawn in fig. 30(a). The AY (X?) distributionsarethe largestandmost
forward pealed of all the distributions. The ¥, is the smallestand the softest,similar to that of the
bottom-stranganesonsand baryonsshawn in fig. 30(b). The different coalescencgrobabilitiesas-
sumedfor hadronsfrom the [uudbbss) configurationhave little real effect on the shapeof the cross
section,dominatedoy independenfragmentation Of the B mesonshawn in fig. 30(c),the B+ andB°
crosssectionsarethe largestsinceboth canbe producedrom the 5 particleconfiguration.The B~ and
B distributions are virtually identical. We notethatthe zr distributions of otherbottom hadronsnot



Table 12: Parameterdependencef the asymmetryin the string model. The statisticalerror in the last digit is shavn in
parenthesi§95%confidence).

Parametery |y| < 2.5,p; >5GeV | 3< |y| <5,pL >5GeV | |y| >3,p. <b5GeV
Setl 0.003(1) 0.015(2) —0.008(1)
Set2 —0.000(2) 0.009(3) —0.005(2)
Set3 0.013(2) 0.020(3) —0.018(2)

includedin the figure would be similar to the bottom-strangéadronssincethey would be producedoy
fragmentatioronly.
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Fig. 30: Predictionsfor bottomhadronproductionaregivenfor pp collisionsat 14 TeV. The bottombaryondistributionsare
givenin (a)for A) = =P (dot-dashed)s;” (dashed)and;, (solid). Thebottom-strangelistributionsareshawn in (b) for Z;

(solid), =, (dashed)B? (dot—dashed)andﬁg (dotted).In (c), the B mesondistributionsaregiven: B™ (solid), B~ (dashed),
B (dot-dashed)andﬁ0 (dotted).TheB~ andB’ distributionsarevirtually identical.

The xp distribution for final-statehadronH is the sumof the leading-twistfusion andintrinsic
bottomcomponents,

H
doy;

dIF

H H
dopy doy,

dl‘F '

. (33)

Theintrinsic bottomcrosssectiondrom Section5.3 arecombinedwith aleadingtwist calculationusing
independentragmentationwhere drag effects are not included. The leadingtwist resultshave been



smoothedandextrapolatedo large z to facilitatea comparisorwith theintrinsic bottomcalculation.
Theresultingtotal B andB' distributionsareshavn in fig. 31, alongwith thecorrespondingsymmetry
Notethatsincetheintrinsic heary quarkp, distributionsaremoresteeplyfalling thantheleadingtwist,
we only considerp; < 5 GeV. Thedistributionsaredravn to emphasizehe high =z region wherethe
distributionsdiffer. Theasymmetryis ~ 0.1 atxy ~ 0.25, correspondingoy ~ 6.5. Thereforejntrinsic
bottomshouldnotbe a significantsourceof asymmetries.
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Fig. 31: (a) Leading-twistpredictionsfor B® (solid) andB’ (dashedlsingindependenfragmentation Model predictionsfor
B° (dot-dashedandB’ (dotted)distributionsfrom Eg. (33). (b) Theasymmetnpbetweer3’ andB’, thedot-dashednddotted
curwesin (a),is alsogiven.

5.5 Summary

To summarizewe have studiedpossibleproductionasymmetriepetweenb andb hadrons gspecially
B0 andEO, aspredictedby the Lund string fragmentatiormodelandthe intrinsic heary quarkmodel.
We find negligible asymmetriegor centralrapiditiesandlarge p (in generallessthan1%). For some
especiallyfavouredkinematicalrangessuchasy > 3 and5 < p; < 10 GeV the collapseasymmetry
could be ashigh as1-2%. Intrinsic bottombecomesmportantonly for xzr > 0.25 andp; < 5 GeV,

correspondingo y > 6.5.

6. QUARKONIUM PRODUCTION®

The productionof charmoniumandbottomoniumstatesat high-enegy collidershasbeenthe subjectof
considerablénterestduringthe pastfew years.New experimentalesultsfrom pp, ep ande™ e~ colliders
have becomeavailable,someof which revealeddramaticshortcoming®f earlierquarloniumproduction
models. In theory progresshasbeenmadeon the factorizationbetweenthe shortdistancephysicsof
heary-quarkcreationandthe long-distancghysicsof boundstateformation. The coloursingletmodel
[51] [52] hasbeensupersedely aconsistenandrigorousframeavork, basedntheuseof non-relatvistic
QCD (NRQCD)[53], aneffective field theorythatincludesthe so-calledcolouroctetmechanismsOn
the otherhand,the colourevaporationmodel[54] [55] [56] of the earlydaysof quarlonium physicshas
beenrevived[57] [58] [59] [60]. However, despitetherecenttheoreticalindexperimentaldevelopments
the rangeof applicability of the different approachess still subjectto debate,asis the quantitatve
verificationof factorization Becausehe quarloniummasss still notverylargewith respecto the QCD
scale,in particularfor the charmoniumsystem,non-factorizablecorrectiong61] [62] [63] may not be
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suppressednough|f the quarloniumis not partof anisolatedjet, andthe expansionsn NRQCD may
not corverge very well. In this situationa global analysisof variousprocessess mandatoryin order
to assesghe importanceof different quarlonium productionmechanismsas well as the limitations
of a particulartheoreticalframavork (for reviews on different quarlonium productionprocessesee
e.g. [64] [65] [66].) By thetime the LHC startsoperating,new experimentaldatafrom the Tevatron
andHERA aswell astheoreticalprogressge.g.in the calculationof higherordercorrectionswill have
significantlyimproved the presenpictureandwill allow moreprecisepredictionsthanwhatis possible
at present. In the following, we will thereforefocus on the generalphenomenologicalmplications
of the NRQCD approachfor quarlonium productionat the LHC, ratherthanaiming at a detailedand
comprehense numericalanalysis.Basedon the informationprovided by the presentTevatrondatawe
will derive predictiongor obserablescrucialfor futureLHC analysessuchasdifferentialcrosssections
andquarlonium polarization.

In theNRQCDapproachthecrosssectionfor producingaquarloniumstateH atahadroncollider
canbe expressedasa sumof terms,eachof which factorsinto a short-distanceoeficient anda long-
distancematrix element:

do(pp/pp—H + X) = > dé(pp/pp—QQ [n] + x) (O™ [n]), (34)

wheren denoteghe colour, spinandangularmomentumstateof anintermediateQ @ pair. The short-
distancecrosssectiondd canbecalculatedperturbatrely in thestrongcouplingas. The NRQCD matrix
elementg O [n]) (see[53] for theirdefinition)arerelatedto thenon-perturbatie transitionprobabilities
fromtheQQ staten into thequarlonium H. They scalewith adefinitepower of theintrinsic heary-quark
velocity v [67]. (v? ~ 0.3 for charmoniumandv? ~ 0.1 for bottomonium.)Thegenerakxpression(34)
is thusa doubleexpansionin powersof o andv.

The NRQCDformalismimpliesthatso-calledcolouroctetprocesseassociateavith higherFock
statecomponent®f the quarlonium wave function mustcontrikute to the crosssection. Heary quark
pairsthatare producedat shortdistancesn a colouroctetstatecanevolve into a physicalquarlonium
throughradiationof soft gluonsat late timesin the productionprocesswhenthe quarkpair hasalready
expandedo the quarlonium size. Sucha possibilityis ignoredin the coloursingletmodel,whereonly
thoseheary quarkpairsthatare producedn the dominantFock state(i.e. in a coloursinglet stateand
with the spin andangularmomentumquantumnumbersof the meson)areassumedo form a physical
quarlonium. The mostprofoundtheoreticakevidencethatthe coloursingletmodelis incompletecomes
from the presencef infrared divergencesn the productioncrosssectionsand decayratesof P-wave
states. Within the NRQCD approachthis problemfinds its naturalsolution sincethe infrared singu-
larities are factoredinto a colouroctetoperatormatrix element[68]. While colouroctet contritutions
areneededor a consistentescriptionof P-wave quarlonia, they are phenomenologicallygven more
importantfor S-wave statedike J/v or T. Accordingto the velocity scalingrules, colouroctet ma-
trix elementsfor the productionof S-wave quarlonia are suppressety a factorv* comparedo the
leadingcoloursingletcontritutions. However, asdiscussedh somedetailbelov, colouroctetprocesses
can becomesignificantif the short-distancerosssectionfor producing@Q@ in a colouroctet stateis
enhanced.

The productionof S-wave charmoniunin pp collisionsat the Tevatronhasattractecconsiderable
attentionand hasstimulatedmuch of the recenttheoreticaldevelopmentin quarlonium physics. The
CDF collaborationhasmeasurearosssectiongor the productionof .J /i) andi(2S) statesnot coming
from B or radiatve x decaysfor awide rangeof transsersemomentab GeV < p(¢) < 20 GeV [69]
[7Q]. Surprisingly the experimentakrosssectionaverefoundto be ordersof magnitudesargerthanthe
theoreticalexpectationbasedon the leading-ordeicoloursingletmodel[71] [72]. This resultis partic-
ularly striking becausehe dataextendsout to large trans\ersemomentawherethe theoreticalanalysis
is ratherclean. The shortcomingof the coloursingletmodelcanbe understoody examininga typical
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Fig. 32: Genericdiagramdor .J /v productionin hadron-hadromwollisionsvia coloursingletandcolouroctetchannels.

Feynmandiagramcontrituting to the leading-ordeipartoncrosssection,fig. 32(a). At large trans\erse
momentumthetwo internalquarkpropagatorgireoff-shell by ~ p? sothatthe partondifferentialcross
sectionscaledike do /dp? ~ 1/p%, asindicatedin the figure. On the otherhand,whenp; >> 2m,. the
quarlonium masscan be consideredsmall and the inclusive charmoniumcrosssectionis expectedto
scalelike ary othersingle-particlénclusive crosssection~ 1/p¢. Thedominantproductionmechanism
for charmoniumat sufliciently large p; mustthusbe via fragmentatior{73], the productionof a parton



with large p; which subsequentlglecaysinto charmoniumand otherpartons. A typical fragmentation
contritution to coloursinglet.J /v productionis shavn in fig. 32(b). While the fragmentatiorcontritu-
tionsareof higherorderin «; comparedo the fusionprocesdig. 32(a),they areenhancedy a powver
p#/(2m.)* atlarge p; andcanthusovertale the fusion contritution at p; > 2m.. Whencoloursinglet
fragmentationis included the p; dependencef thetheoreticapredictionis in agreementvith the Teva-
tron databut the normalizationis still underestimatetby aboutan orderof magnitude[74] [75] [76],
indicatingthatanadditionalfragmentatiorcontritution is still missing.It is now generallybelievedthat
gluon fragmentationinto colouroctet®S; charmquark pairs[77] [78], asshavn in fig. 32(c), is the
dominantsourceof J /1 andi(2S) atlargep; atthe Tevatron. The probabilityof forminga J/« particle
from apointlike cz pairin acolouroctet®S; stateis givenby the NRQCDmatrix element/ 07/ [35®)))
whichis suppressetly v* relative to thenon-perturbatie factorof theleadingcoloursingletterm. How-
ever, this suppressiofis overcompensatefbr by the gainin two powversof o, /7 in the short-distance
crosssectionfor producingcolouroctet?S; charmquarkpairsascomparedo coloursingletfragmen-
tation. At O(v*) in the velocity expansion,two additionalcolouroctet channelshave to be included,
fig. 32(d), which do not have a fragmentatiorinterpretatiorat ordera? but which becomesignificantat
moderatep; ~ 2m,. [79] [80]. Theimportanceof thelség) and3P§8) contrilutionscannotbe estimated
from naive power countingin «, andwv alone,but ratherfollows from thedominanceof ¢-channelgluon
exchangeforbiddenin theleading-ordercoloursingletcrosssection.

Thedifferentcontritutionsto the .J /¢ trans\ersemomentundistribution arecomparedo the CDF
data[70] in fig. 33. As mentionedabove, the coloursingletmodelat lowestorderin o, fails dramati-
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Fig. 33: Coloursingletandcolouroctetcontributionsto direct.J /1 productionin pp—J/¢+X attheTevatron(,/s = 1.8 TeV,
pseudorapiditycut || < 0.6)) togetherwith experimentaldatafrom CDF [70]. Parameters:CTEQ5L parton distribu-
tion functions[81]; factorizationand renormalizationscaley = \/m; m. = 1.5 GeV. The leadinglogarithms
(as InpZ/(2m.)?)™ have beensummedby solving the Altarelli-Parisi evolution equationgor the gluon fragmentatiorfunc-
tion. NRQCD matrix elementsasspecifiedin Table13.



Table 13: NRQCD matrix elementsfor charmoniumproduction. The coloursingletmatrix elementsare taken from the po-
tential modelcalculationof [82] [83]. The colouroctetmatrix elementshave beenextractedfrom the CDF data[70], where
M (S 2Py = (OH1S0]) + k (OX[PPo])/m2. The errorsquotedare statisticalonly. Parameters CTEQ5L parton
distribution functions[81], renormalizatiorandfactorizatiorscaley = (p? +4m?2)*/? andm. = 1.5 GeV. TheAltarelli-Parisi
evolution hasbeenincludedfor thessfs) fragmentatiorcontritution. See[84] for furtherdetails.

H  (of) (OHPs) MEE(sgY 2R
J/ 116 GeV?  (1.1940.14) - 1072 GeV?  (4.54 +1.11) - 1072 GeV?3

)
¥(25) 0.76 GeV3  (0.50 £0.06) - 1072 GeV?  (1.89 +0.46) - 1072 GeV?
xo 0.11GeV® (0.31£0.04) -1072 GeV?

cally whenconfrontedwith the experimentaresults.Whencoloursingletfragmentations included,the
predictionincreasedy morethananorderof magnitudeat large p;, but it still falls belon the databy a
factorof ~ 30. The CDF resultson charmoniumproductioncanbe explainedby includingtheleading
colouroctet contrikutions and adjustingthe unknavn non-perturbatie parameterso fit the data. Nu-
mericallyonefindsthe non-perturbatie matrix elementgo beof O(10~? Ge\?), seeTable13, perfectly
consistentvith thev* suppressiomxpectedirom the velocity scalingrules. Similar conclusionsanbe
dravn for ¢/(2S5) productionat the Tevatron.

The analysisof the CDF dataalone,althoughvery encouragingdoesnot strictly prove the phe-
nomenologicatelevanceof colouroctetcontritutionsbecausdree parameterfiave to beintroducedio
fit thedata.However, if factorizatiorholdsthe non-perturbatie matrix elementsTable13,areuniversal
andcanbe usedto make predictionsfor variousprocesseandobsenables.Besidesa globalanalysisof
differentreactionsthe measuremenaf quarlonium crosssectionsat the LHC will be crucialto assess
the importanceof the individual productionmechanisms&ndto testfactorization. In fig. 34 we have
collectedthe crosssectionpredictionsfor direct ./ /1) and(2S) productionaswell asthe production
of J/¢ from radiative x decaysat the LHC. The theoreticalcurvesincludethe statisticalerrorsin the
extractionof the NRQCD matrix elementdTable13]. Thereare,howvever, additionaltheoreticaluncer
taintieswhich might affect the prediction,but which have not yet beenfully quantified. In particular
the determinatiorof the <O§[’[ISO]> and <(’)'§’[3P0]> matrix elementgy> denoting.J /v or ¢(2S5)) from
the Tevatrondatais very sensitve to effectsthatmodify the shapeof the charmoniump;, distribution at
relatively smallp;, < 8 GeV. Thoseeffectsincludethe small« behaiour of the gluondistribution [84],
the evolution of the strongcoupling[84], aswell assystematieffectsinherentin NRQCD, suchasthe
inaccuratetreatmentof the enegy conseration in the hadronizatiorof the colouroctet cc pairs[85].
Moreover, higherorder QCD correctionsare expectedto play animportantrole, asdiscussedn more
detailbelov. The crosssectionscollectedin fig. 34 shouldthusnot be viewed asfirm NRQCD predic-
tions but will be refinedas more experimentalandtheoreticalinformation on charmoniumproduction
becomeswvailableoverthe next few years.

The inclusionof higherorder QCD correctionsis requiredto reducethe theoreticaluncertainty
andto allow amoreprecisepredictionof the LHC crosssections Next-to-leadingorder(NLO) calcula-
tionsfor quarlonium productionat hadroncollidersare presentlyavailable only for total crosssections
[86] [87]. Significanthigherordercorrectiongo differentialdistributions are expectedfrom the strong
renormalizatiorandfactorizationscaledependencef theleading-orderesultg85]. Moreover, theNLO
coloursingletcrosssectionincludesprocessetike g + g—>Q§[SS§1)] + g + g which aredominatedby
t-channelgluonexchangeandscaleas~ o4 (2mg)?/p¢. At p; > 2mg their contritution is enhanced
with respecto the the leading-ordercrosssection fig. 32(a),which scalesas~ a?(2mg)*/pf. Thisis
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Fig. 34: Crosssectiondor J/1 andy(2.S) productionin pp—1+ X attheLHC (/s = 14 TeV, pseudorapiditgut|n| < 2.5).
Parametespecificationssin fig. 33. Theleadinglogarithms(as In p7 /(2m..)?)™ have beensummedby solvingthe Altarelli-
Parisi evolution equationdor the gluon fragmentatiorfunction. The error bandsincludethe statisticalerrorsin the extraction
of the NRQCD matrix elementgTable13] only.

bornout by preliminarystudies[88] which include partof the NLO hadroproductiorcrosssectionand
by the completecalculationof NLO correctiongo the relatedprocessof quarlonium photoproduction
[89]. TheNLO coloursingletcrosssectionmay be comparablén sizeto the colouroctet! S, and?P;
processeswhich scaleas~ a3v*(2mg)?/p? (seefig. 32(d)), andaffect the determinatiorof the cor
respondingNRQCD matrix elementdrom the Tevatrondata. A full NLO analysisis however needed
beforequantitatve conclusionscanbedrawn.

Another sourceof potentially large higherorder correctionsis the multiple emissionof soft or
almostcollineargluonsfrom theinitial statepartons.Thesecorrectionsaswell aseffectsrelatedto in-
trinsic transersemomentumareexpectedo modify the shapeof thetransersemomentundistribution
predominantlyat relatively low valuesof p; < 2mg. Initial stateradiationcanbe partially summedn
perturbatiortheory[90], but sofar only total crosssectionshave beenconsideredn theliterature[91].
An estimateof the effect on the transyersemomentumdistribution shouldbe provided by phenomeno-
logical modelswherea Gaussiark;-smearingis addedto the initial statepartons. The resultof these
calculationsnot only depend®n the average(k:), which entersasa free parameterbut alsoon the de-
tails of how the smearings implemented Moreover, alower cut-of hasto be providedwhich regulates
thedivergencesatp; = 0. Usingthe NLO calculationfor thetotal crosssection[87], onecanobtainthe
roughestimatehatperturbatie Sudakv effectsshouldbe confinedbelow p; ~ 1 —2 GeVfor bothchar
moniumandbottomoniumproductionat Tevatronenegies. Qualitatvely, the inclusionof k.-smearing
leadsto an enhancemertf the shortdistancecrosssectionat small p;, which resultsin smallervalues



for thefits of the <(9§’ [1So]) and(Ogb[f‘PO]) NRQCD matrix elementd92] [88]. The actualsizeof the
effect, however, turnsoutto bevery differentfor thetwo modelsstudiedin theliterature.

An alternatve approachio treatthe effect of initial stateradiationis by meansof Monte Carlo
eventgeneratorsvhich include multiple gluon emissionin the partonshaver approximation.Compre-
hensve phenomenologicahnalyseshave beencarriedout for charmoniumproductionat the Tevatron
and at the LHC [93] [94] [95] usingthe event generatorPYTHIA [37] supplementedy the leading
colouroctetprocessef93]. Theinclusionof initial stateradiationasimplementedn PYTHIA leadsto
anenhancemertf the short-distancerosssection.The sizeof the effectis significantlylarger thanfor
the Gaussiark;-smearingnentionedabove, andit extentsoutto large p;. Consequentlythe <(9§f [1So])
and((’)'g’ [*Py]) NRQCD matrix elementsestimatedrom the Monte Carlo analysisof the Tevatroncross
sectionsare significantly lower thanthe oneslisted in Table 13 (see[93] [94] for details)! Figure 35
shaws the individual contritutions to the direct .J/+) crosssectionat the LHC as estimatedwith the
PYyTHIA Monte Carlo[94]. Note thatfor consisteng the curves are basedon the NRQCD matrix el-
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Fig. 35: Crosssectiongfor .J /v productionin pp—J /v + X attheLHC (/s = 14 TeV, rapidity cut |y| < 2.5) obtainedrom
aMonte Carloeventgeneratof94]. CTEQ2L partondistribution functions[99]; (i) dottedline: coloursinglet,(ii) dashedine:
colouroctet! S + 3Py, (iii) dot-dashedine: 38§8), (iv) solidline: all contributions. NRQCD matrix elementsasspecifiedn
[94].

ementsextractedfrom the Monte Carlo analysisof the Tevatron dataratherthan on the valuesof the

"Supportis addedo the Monte Carloextractionof the NRQCD matrix elementsy analyseof .7 /1 productionin inelastic
~yp-scatterind96] [97] and B decayg98], which seenrto prefersmallvaluesof (OF[*So]) and(OY [° Po)).



leading-ordefit listedin Table13. Oneobseresthatthefinal predictionis consistenwith the result
presentedn fig. 34 within errors. The extrapolationof the Tevatronfits to LHC enepgies seemgather
insensitve to the detailsof the underlyingtheoreticaldescription anddifferentapproachegield similar
predictionsfor the LHC crosssectionsaslong asthe appropriateNRQCD matrix elementsare used.
The Monte Carloimplementatior{93] shouldthereforerepresent convenientandreliabletool for the
experimentakimulationof quarlonium productionprocesseatthe LHC.

A crucialtestof the NRQCD approacho charmoniunmproductionat hadroncollidersis the anal-
ysisof J/¢ andw(2S) polarizationat large transersemomentum Recallthatat large p;, v production
shouldbe dominatedoy gluonfragmentatiorinto a colouroctet?S; charmquarkpair, fig. 32(c). When
p: > 2m, thefragmentinggluonis effectively on-shellandtranserse. The intermediate-c pair in the
colouroctet?S; stateinheritsthe gluon's trans\ersepolarizationandso doesthe quarlonium, because
the emissionof soft gluonsduring hadronizatiordoesnot flip the heary quarkspin at leadingorderin
the velocity expansion. Consequentlyat large transeersemomentumone shouldobsere trans\ersely
polarized.J/¢) and(2S) [100]. The polarizationcanbe measuredhroughthe angulardistribution in
thedecayy—I*1~, givenby dT"/dcos 6 o< 1 + a cos? §, whered denoteghe anglebetweerthelepton
three-momentunn the restframeandthe three-momentunn thelab frame.Puretransersepolar
izationimpliesa = 1. Correctiongo this asymptoticlimit dueto spin-symmetnbreakingandhigher
orderfragmentatiorcontritutions have beenestimatedo be small[101]. Thedominantsourceof depo-
larizationcomesfrom the colouroctetfusion diagramsfig. 32(d), which areimportantat moderatep,.
Still, at O(v*) in the velocity expansionthe polarangleasymmetryn canbe unambiguouslhcalculated
within NRQCD [84] [102] in termsof the threenon-perturbatie matrix elementgTable13] thathave
beendeterminedrom the unpolarizedcrosssection.In fig. 36 we displaythe theoreticalpredictionfor
a in ¢(2S) productionat the Tevatronasfunction of the ¢/(25) transersemomentum.No trans\erse
polarizationis expectedat p; ~ 5 GeV, but the angulardistribution is predictedto changedrastically
asp; increasesA preliminarymeasuremenrom CDF [103] doesnot supportthis prediction,but the
experimentalerrorsaretoo large to draw definiteconclusionsA similar pictureemegesfrom theanal-
ysisof J/1 polarization[104], where,however, the theoreticalanalysisis complicatedby the factthat
the datasamplestill includes.J/+ thathave not beenproducedirectly but comefrom decayof higher
excitedstate4105].

Polarizatiormeasuremen@recrucialto discriminatehe NRQCD approactrom thecolourevap-
orationmodel,wherethe crosssectionfor a specificcharmoniumstateis givenasa universalfraction of
theinclusive ce productioncrosssectionintegratedup to the opencharmthreshold.In general the as-
sumptionof asingleuniversallong-distancéactoris toorestrictve. It impliesauniversalo(x.)/o(J /1)
ratio,whichis notsupportedy thecomparisorof charmoniunproductionin hadron-hadroandphoton-
hadroncollisions. Still, sincethe colour evaporationmodelallows colouroctetcharmquarkpairsfrom
gluon fragmentatiorto hadronizeinto charmonium,it candescribethe p; distribution of the Tevatron
data[57] [58] [59] [60]. In contrastto the NRQCD approachhowever, the colour evaporationmodel
predictscharmoniumto be producedunpolarized. The modelassumesinsuppressedluon emission
from the cc¢ pair during hadronizationwhich randomizesspin and colout  This assumptionis clearly
wrongin the heary quarklimit wherespin symmetryis at work and soft gluon emissiondoesnot flip
the heary quarkspin. Nonethelesssincethe charmquark massis not very large with respectto the
QCD scale,the applicability of heary quarkspinsymmetryto charmoniumphysicshasto be testedby
confrontingthe NRQCD polarizationsignaturewith experimentadata.

To definitelyresohe theissueof quarloniumpolarization ahigh-statisticsneasuremerextending
outto largetransersemomentunwill bennecessarySucha measuremertdanbe carriedoutatthe LHC,
where one expectsa polarizationpatternsimilar to that predictedfor the Tevatron, seefig. 37. The
absencef a substantiafraction of transersepolarizationin ¢ productionat large p; would represent
a seriousproblemfor the applicationof the NRQCD factorizationapproacho the charmoniunsystem
andmightindicatethatthe charmguarkmassis not large enoughfor a nonrelatvistic approacto work
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Fig. 36: Polarangleasymmetrya for v(2S) productionin pp—¢(2S)(—u™p~) + X atthe Tevatronasa function of p;
comparedo preliminarydatafrom CDF [103]. Parametespecificationssin fig. 33. NLO correctionsto the fragmentation
contribution[101] [84] have notbeenincluded.The errorbandis obtainedasa combinationof the uncertainty(statisticalonly)
in the extractionof the NRQCD matrix elementgTable13] andthe limiting caseghateither (OF (1Sp)) or (O¢ (*Ry)) is set
to zeroin thelinearcombinationextractedfrom the data.

in all circumstances.

Theapplicationof NRQCD shouldbe on safergroundsfor the bottomoniumsystem As v? ~ 0.1
for bottomonium higherordertermsin the velocity expansion(in particularcolouroctetcontritutions)
areexpectedto belessrelevantthanin the caseof charmonium.Crosssectiondor the productionof T
stateshave beenmeasuredt the Tevatronin theregion p; < 20GeV [10€] [107] [108]. Theleading-
ordercoloursingletmodelpredictionsunderestimatéhedata thediscrepang being,however, muchless
significantthanin the caseof charmonium.Giventhelarge theoreticaluncertaintiesn the crosssection
calculation,in particularatsmallp; < M-, theneedfor colouroctetcontrikutionis notyetasfirmly es-
tablishedasfor charmoniurmproduction.Theinclusionof bothnext-to-leadingordercorrectionsandthe
summatiorof softgluonradiationis requiredto obtainarealisticdescriptiorof the T crosssectionin the
pe-rangeprobedby presentlata. Suchcalculationshave not yet beenperformedandwe have therefore
not attempteda systematidit [79] [80] of the bottomoniumNRQCD matrix elements.Our predictions
for theY crosssectionatthe LHC, figs. 38,39,arebasednasimplechoiceof thenon-perturbatie input
parameter§Table14] which is consistenwith the presenexperimentainformationfrom the Tevatron.
The crosssectionsshouldthus not be regardedasfirm predictionsof NRQCD but ratheras orderof-
magnitudeestimatesThe expectedtheoreticaprogressandmoreexperimentainformationwill allow a
moreprecisepredictionin thenearfuture.

The impactof initial stategluonradiationon the T crosssectionsat the Tevatronhasbeenesti-
matedby addinga Gaussiark;-smearingasdiscussegbreviously in the context of charmoniumproduc-
tion. An average(k;) ~ 3 GeV anda K-factor~ 3 arefoundto bring the leading-ordecoloursinglet
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Fig. 37: Polarangleasymmetrya for +(2S5) productionin pp—(25)(—utp~) + X at the LHC asa function of p;.
Parametespecificationssin fig. 36.

Table 14: NRQCD matrix elementsfor bottomoniumproduction. The coloursinglet matrix elementsare taken from the
potentialmodel calculationof [82] [83]. The colouroctet matrix elementshave beendeterminedfrom the CDF datafor
ps > 8 GeV [107], where (OF[*So]) = (OF [P Py])/mi hasbeenassumedor simplicity. Parameters:CTEQSL parton
distribution functions[81], renormalizatiorandfactorizationscaley, = (p? + 4m2)'/? andm,, = 4.88 GeV.

H (Off) (OFPS1)) (OF['So)
T(1S) 9.28GeV? 15-1072GeV? 2.0-1072 GeV?
T(25) 4.63GeV? 4.5-1072 GeV? 0.6-1072 GeV?
T(3S) 3.54GeV? 7.5-1072GeV? 1.0-1072 GeV?
xo(1P) 2.03GeV® 4.0-1072 GeV?
x0(2P) 2.57GeV® 6.5-1072 GeV?

crosssectionin line with theexperimentalY' (15, 25) dataatp, < M~y [109]. Similar resultshave been
obtainedwithin aMonte Carloanalysid110], leadingto significantlylowerfit valuesfor thecolouroctet
NRQCD matrix elementghanthosedeterminedrom a leading-ordercalculation[Table14]. Moreover,
the Monte Carlo resultsimply that no feeddavn from x statesproducedthroughcolouroctet®S; bb
statess neededo describetheinclusive Y crosssection,in contrastto whatis found at leading-order
The calculationof next-to-leadingordercorrectionsand a systematidreatmentof soft gluon radiation
within perturbationtheory are requiredto resole theseissues. Figure 40 shavs the inclusive Y (15)
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Fig. 38: Crosssectiongor Y (1.5) productionin pp—7Y(15) + X attheLHC (/s = 14 TeV, pseudorapiditycut || < 2.5).
Parameters:.CTEQ5L partondistribution functions[81], factorizationand renormalizatiorscaley = \/m, my =
4.88 GeV. Theleadinglogarithms(a. In p? /(2ms)?)™ have beensummedby solving the Altarelli-Parisi evolution equations
for thegluonfragmentatiorfunction. NRQCD matrix elementsasspecifiedn Table14. Theerrorbandis obtainedby varying
the colouroctetmatrix elementdbetweerhalf andtwice their centralvaluefor illustration.

crosssectionat the LHC asobtainedfrom the Monte Carlo calculation[110]. The curvesarebasedon
the NRQCD matrix elementsxtractedfrom the Monte Carlo analysisof the Tevatrondata[110]. As
in the caseof charmoniumproduction,oneobseresthatthefinal LHC predictionis consistentith the
leading-orderesultpresentedn fig. 38 within errors.

Let usfinally presenthe polarizationpatternpredictedfor direct T(1.5) productionatthe LHC,
fig. 41, basedon the NRQCD matrix elementf Table14. Higherordercorrectiongo the gluonfrag-
mentationfunction [101] [84] will leadto a small reductionof the transwersepolarizationat large p;
andshouldbeincludedonceprecisedatabecomeavailable. If thecharmoniunmasss indeednotlarge
enoughfor anonrelatvistic expansionto bereliable,the onsetof transerseY polarizationatp; > My
may becomethe singlemostcrucialtestof the NRQCD factorizationapproach.

In summarywe have discussedomeof the phenomenologicamplicationsof the NRQCD ap-
proachfor quarlonium productionat the LHC andpresentedstate-of-the-artpredictionsfor 1) and Y
differentialcrosssectionsandpolarizatior® Amongthetheoreticalssueghatneedto beaddresseih the
future arethe calculationof higherorder QCD correctionsthe summationof higherordertermsin the
velocity expansionandquantitatve insightsin the effect of highertwist contritutions. Besidesa global
analysisof differentproductionprocessesind obserablesat variouscolliders, quarlonium physicsat
the LHC will play a crucialrole to assesshe importanceof colouroctetprocesseandto conclusvely
testthe applicability of non-relatvistic QCD and heary-quark spin symmetryto the charmoniumand

80therprocessethathave beenstudiedin the literatureinclude quarkonium productionin associatiorwith photong[111]
[112] or electraveakbosongd113], aswell asn and P-wave quarlonium production[114] [115].
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Fig. 39: Sameasfig. 38for Y(2S) production.

bottomoniumsystems.

7. PROSPECTSFOR b PRODUCTION MEASUREMENTS AT THE LHC?®

Of the existing and currently proposedacceleratorfacilities, the LHC will yield the largestrate of b
quarks. A well definedprogramfor b productioninvestigationsandthe developmentof dedicatedde-
tectionstratgjiesoptimisedfor ATLAS, CMS andLHCDb, arerequiredfor the succesfulkexploitation of
therich LHC potential. After anintroductionsummarisinghe main physicsmotivations,we review the
detectorandtrigger featuresrelevant for b productionin the LHC experiments. The kinematicranges
accessibleo the threeexperimentsarethendescribed.Theoreticalmotivationsand possiblemeasure-
mentmethodsare presentedor singleb quark propertiescorrelationsin b production,multiple heary
flavour production,polarization,and chage asymmetryeffectsin B-hadronproductionin pp interac-
tions. Basedon earlierperformancestudiesthe potentialfor thesemeasurements estimatecandsome
preliminaryresultsarepresentedWe concludewith a summaryof the presenstatusof the preparations
for b-productionstudies.

7.1 Intr oduction

While mary LHC studieshave beendevotedto B-decaysp productionhasnot yet beendirectly ad-
dressed.Even thoughb decayinvestigationswill provide someinformationon the production,at the
discussion®f this workshopit becameclearthatthey arenot suficient to cover all aspectof produc-
tion.

Heavy quarkproductionin high enegy hadroniccollisionsis importantfor the studyof Quantum
ChromodynamicgQCD). Nowadays,QCD is recognizedas a well establishedand solid theory If

Sectioncoordinator:M. SmizanskandP. Vikas
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Fig. 40: Crosssectiondor Y (1S) productionin pp—7Y(15) + X attheLHC (/s = 14 TeV, rapidity cut |y| < 2.5) obtained
from a Monte Carlo eventgeneratof110]. CTEQ2L partondistribution functions[99]; (i) dot-dashedine: 3558), (i) solid
line: all contributions. NRQCD matrix elementsasspecifiedn [110].

disagreementsetweerthetheoreticapredictionsandthe experimentadataarefound,they will suggest
thelack of understandingnly of a particularproductionmechanismin mary caseshesedisagreements
may be attributed to a too slow corvergenceof the perturbationseries. In other casestheremay be
importantcontritutions from nonperturbatie effects. Strictly speakingthe productionmeasurements
arenotgoingto testthe principlesof QCD, but ratherto outlinetheboundarieswherethe predictionsof
perturbatiortheoryprovide anadequatelescriptionrandexhaustall the visible effects. In this context, it
will becertainlyusefulto testasmary differentprocesseaspossible.

We presentbelov someexamplesof suchprocessesand obserables,which can potentially be
studiedin the LHC experiments.BesidegestingQCD, thereexist othermotivationsto understangbro-
ductionpropertiesfor instanceasa controlof thesystematicén CPviolation. Doubleb pair production
is alsoa backgroundn somechannelsof Higgs detectionfor LHC [116]. Measurementsf the b pro-
ductionby ATLAS andCMS in theinitial yearsof low luminosity runningwill alsobe usedto optimise
thetriggerselectionsat high luminosityfor rare B decays.

7.2 Detectorand trigger characteristicsrelevant for b-production

TheATLAS, CMSandLHCb detectorandtriggersaredescribedn detailelsavhere[117]. Eventhough
thesignal-to-noiseatio for b eventsis higherat LHC thanatlower enegy hadronmachinespnly about
1% of the nondiffractive inelasticcollisionswill produceb-quarkpairs. Eventswith B hadronscanbe
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Fig. 41: Polarangleasymmetry for direct Y (1S) productionin pp—Y(1S)(—u™u~) + X attheLHC asafunctionof p;.
NRQCD matrix elementsasspecifiedin Table14 otherparameterssin Figure38. The error bandreflectsthe limiting cases
thateither (O (*So)) or (OF (> Po)) is setto zeroin thelinear combinationextractedfrom the data.

distinguishedrom otherinelasticpp interactionsby the presencef leptons,of secondaryerticesand
particleswith high pr. Eachof the threeexperimentswill have sererallevels of triggersto efficiently
selectthe interestingeventscontainingB hadronswhile maintainingmanageablérigger rates. Thein-
formationfrom themuondetectorandtheelectromagnetiandhadroniccalorimetersvill beusedby the
lowestlevel triggerin all thethreeexperimentsin LHCb thelowestlevel triggerperformsa pile-upveto
followed by soft cutsonfirst level triggerobjectslike muons(p, > 1 GeV), electrong Ep > 2.1 GeV)
or hadronclusters(FEr > 2.4 GeV) reducingthe trigger rateto 1 MHz. The moretime-consuming
operationsJike vertex reconstructiorand usinginformationfrom the RICH for particleidentification,
will be performedby the higherlevel triggers. The final eventrate expectedfrom LHCb is ~ 200 Hz.
ATLAS andCMS arecentraldetectordor high p; physicsdesignedo operateat high luminosities.The
low-level trigger objectshave higher py limits thanin LHCb: single muonspy > 6(7) GeVin AT-
LAS(CMS) or dimuontriggerswith a minimal p; of eachmuonin theintenal (3 — 6) GeVin ATLAS
and (2 — 4) GeVin CMS [118] [119]. However, thanksto the higherluminosity despitethe higher
pr thresholdsthey will have statisticscomparablgo LHCb in mary exclusve channels.Simulations
doneon bothexperimentshave demonstratethatataluminosityof 1033cm=2s71, in spiteof 2-3 pileup
eventson the averageaccompaying the b eventin the samebunchcrossing,B-decayscanbetriggered
on andfurthercleanlyseparatedrom backgroundn off-line reconstructior§120] [121].

7.3 Kinematic ranges

ThecentraldetectorsATLAS andCMS will coverthepseudorapidityegion |n| < 2.5; themoreforward
LHCb is optimisedfor 1.8 < n < 4.9 . Theoverlapbetweerthe experimentss lessthena unit of pseu-



dorapidity in theregion 1.8 < n < 2.5. Thelow trans\ersemomentumcutofs in eachexperimentare
limited mainly by the admissibldow-level triggerrates.In the statisticallydominantchannelsATLAS

andCMS will beefficientfor B-hadronswith pr 2 10 GeV andLHCDb for pr > 2 GeV. Thedomains
of the Bjorkenz variablefor differentvaluesof theb quarktransersemomentunp aregivenin fig. 42
for two situations:whenboththe b andb arein afiducial volume of a detector;andwhenonly one of

themis there. It is clearthatin all threeLHC experimentsthe sampledrangeof x is containedwithin

theregion alreadycoveredby HERA [122]. For comparisonthe analogoudlistribution is calculatedor

CDF conditions(fig. 43).
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Fig. 42: Bjorken x region of LHCb for differentvaluesof the b pr for the situationwhenoneof the quarksis in the detector
volume(a), bothb andb arein thedetectovolume(b). In (c) and(d), analogouslistributionsaregivenfor ATLAS/CMS.

7.4 Singleb quark production
7.41 Theoketical motivations

The inclusie differential crosssectiondo /dprdn, wherepy andn arethe transersemomentumand
the pseudorapidityof the b or b quarks,provide the basicinformationon b production. As discussed
in the previous section,next-to-leadingorder (NLO) calculationsgive a crosssectionlower than CDF
and DO databy a factorof ~ 2.4 [12]. However, the shapeof the pr distribution is well reproduced
by LO+NLO predictions by a semihardnodelof the BFKL type[123] andalsoby PYTHIA [124]. In
the region of high pr, the effectsof higherordercontritutions aretaken into accountoy meansof the
resummationtechniqug125] [23] [126]. In ref. [23] LO+NLO contritutionsareincludedtogethemwith
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Fig. 43: Bjorkenz region of CDFfor differentvaluesof b pr for thesituationwhenoneof thequarksis in thedetectovolume
(@), bothb andb quarksarein thedetectorvolume(b).

theresummatiorof all termsof ordera In* (pr /my) anda®™ In* (pr/my). Thesecontritutionschange
the shapeof the p; spectrum.Thusmeasurementsf high p;- singleb-spectramay be consideredasa
dedicatedestfor the QCD resummatiortechnique.

7.42 Measuemenipossibilities

Experimentsanmeasurehe doublydifferentialcrosssectiondo /dprdn, wherepyr andn arethetrans-
versemomentumandthe pseudorapidityf a B hadron,or of a jet associatedavith a B hadron,or only
oneof the decayproductsof a B hadron(for example.J/« or i). Fromtheseexperimentallymeasured
quantitiesthedo /dpydn of the parenth-quarkcanbe extracted usingappropriatenodelsof hadroniza-
tion anddecay

The determinatiorof the absolutevalueof the crosssectionis alsoimportant. Threeindependent
measurementfATLAS, CMS and LHCb) canbe doneat the sameenegy. The determinatiornof the
absolutecrosssectionsis always difficult, sinceit requiresa preciseunderstandin@f the luminosity
of the triggerandreconstructiorefficiengy andof the backgroundcontrikutions. Severaltechniquesof
luminosity measuremerareunderstudy It appearghat precisionsof ~ 3% could be achieved [127].
The overlapin the detectionphasespaceof ATLAS, CMS andLHCDb, in theregion 1.8 < n < 2.5 and
pr > 10 GeV, canbeusedfor cross-checks.

7.43 Exclusivechannels

From trigger and offline studiesandthe presentexperiencewith CDF it is known thatthe threeLHC
experimentscanprovide high statisticssamplesof someexclusive B-decaychannelsleanlyseparated
from the background.The statisticallydominantchannelsare thosecontainingJ /¢ — ptu~ (Bg —
J/YK®, By — J/YK*, BY — J/4YK* andB? — J/1¢), which arealsoneededor CP violation
studies Moreover, LHCb will cleanlyseparatéarge statisticsof purelyhadronicexclusive decayswhere
the dominantonesare B; — D*~ 7t and B; — D*—af. With theseprocesse®ne can cover the
differential p crosssectionmeasurementstartingapproximatelyfrom pr > 10 GeV for ATLAS and
CMS andpy > 2 GeV for LHCb respectiely. The numbersof theseeventsafterthreeyearsof run at
luminositiesof 1033¢m =25~ for ATLAS and CMS andfive yearsat 2 - 1032¢m =25~ ! for LHCDb, are
shavn in fig. 44 asafunctionof a minimal transversemomentunof the B-hadronpy.



7.44 Inclusiveb — J /1 X channels

Theinclusive channeld — J/1X canbeusedto extendthe availablestatisticsfor productionmeasure-

mentsto high transersemomentg(fig. 44).

A preliminary study from CMS [128] shaws that for p:{/w ~ 300 GeV, which correspondgo

pr ~ 550 GeV, a b-taggingefficiengy of ~ 50% canbe achieved with a .J/1) massand decaylength
reconstruction. This will give a signal-to-noiseratio of ~ 2.5 taking into accountthe predictionfor
prompt.J /) productionof ref.[93].

In ATLAS astudyhasbeendone[129] for eventsb — J/¢(up)X in whichthepy of theb quark
waschoserlargerthan50 GeV. In particular it wasshavn thatthe massresolutionof the J/« will not
be degradeddueto eventsin which a signalreconstructeih the muonsystemis wrongly associatedo a
non-muortrackin theinnerdetector
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Fig.44: Numberof triggeredandreconstructed-hadronsasfunctionof alowercutonthe B-hadrontransersemomentunpr.
Figure(a) shavsthe ATLAS expectationgor inclusive andexclusive B-hadronsiecaygo .J /v after3yearswith anintegrated
luminosityof 30fb~". Thefull line correspondso inclusive events thedashedine to thesumof all exclusive channelsFig. (b)
shavs the LHCb expectationsfor exclusive B-hadronsdecaysafter 5 years. The solid line is for all statisticallydominant
channelsthedashedine shavs only thechannelwith a J /1) in thefinal state.

7.45 Inclusiveb-jet production

Anothermethodfor b productionstudiesdiscusseat the workshopwasbasedon inclusie b-jet recon-
struction.In bothATLAS andCMS this techniquenvasdevelopedfor the Higgssearch{130] [121]. The
b-jet crosssectionis expectedto be a smallfraction (closeto or largerthan2% for jetswith F larger
thanabout20 GeV) of the single-jetcrosssection[131] [132]. If this methodis to be usedfor singleb
quarkproduction,it will requireprescalingof thetriggerfor the lower p; region or a cut on very high
trans\ersemomentapr > 150 GeV),to reducethe hugerateof non$ QCD background133].

Figure 45 shaws the preliminaryresultsof the CMS b-taggingefficiency and mistaggingproba-
bility for high E jetsusingthetechniquedescribedn [134]. The studydemonstratethatfor tagging
efficienciesof 35% — 55% the mistaggingprobability is betterthan2% upto £ ~ 200 GeV. Beyond
that, the b-taggingefficiengy andmistaggingprobability deterioratesignificantly The algorithmwill be
furtheroptimised possiblyincludingleptonidentification.

Themethodof b crosssectiondeterminatiorbasedn inclusie b-jet identificationwill be heavily
dependenbn the preciseunderstandingf the non b-jet rejectionfactors. Furtherfeasibility studieson
this methodarenecessaty
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Fig. 45: Theresultsof CMS studyof b-taggingefficienoy andmistaggingprobabilityasa functionof thejet Er. Thesquares
representheresultsof the phase-Zracler, the circlesthoseof the phase-2racler.

7.5 Correlationsin b production
7.51 Theoetical motivations

As discussedn Section2, the overall normalisationof the productioncrosssection,aswell asthe nor

malisationof theinclusive b spectraremainuncertainwithin afactor~ 2 becaus®f inherenttheoretical
uncertainties Thereforethe measuremenif thesevaluesdoesnot provide a sringenttestof NLO con-
tributions. The expectedcorrelationsbetweenthe b andthe b quarkscanbe computedin leadingand
next-to-leadingorder[5]. Theshape®f two-particledistributionsaresensitve to the NLO contritution,

andthuscanbe usedfor thesetests.In particular distributionsin thefollowing quantitiesnvolving both
theb andb quarkcanbeconsideredtherelative azimuthaldistanceA¢(bb) < 1, the pairinvariantmass,
the pair transersemomenturmandthe pair rapidity.

7.52 Measuementpossibilities

Thechoiceof thedecaychannelss drivenby therequirementhattheacceptancehouldnotvanishwhen
the b andthe b areclosein phasespace.The goalis to avoid isolationcutsin bothtrigger and offline
algorithmsrequiringa large separatioetweerthedecayproductsof the B andof the B. Theprocesses
underconsideratiorarebasedon thereconstructiorof a J/+ originatingfrom the displacedvertex of a
B-hadron,andof anadditionalleptoncomingfrom the semileptoniacdecayof the associated hadron.
For example,in the ATLAS experimentfor anintegratediuminosityof 30 fo=1, approximately~ 5-10°
sucheventsare expected with the exclusively reconstructed3-decayscontainingthe .J /¢ (Table15).
CDF and DO measurementshaved that bb pairs are mostly producedback-to-back135]. However
the region mostsensitve to differencesbetweernthe modelsis A¢(bb) < 1 rad,whereonly ~ 14% of



the eventsareexpected[124]. The statisticsmay possiblybeincreasedisingthe semi-inclusie decays
bb — J /X accompaniedby a lepton (Table 15). As an examplewe quoterecentstudiesin ATLAS

[129], performedusingsimulatedeventswith B; — J/% K", J/1 — p*p~. They indicatethatthe
signaleventscanindeedbereconstructedh casesvhenthe differenceof azimuthalanglesbetweerthe
J /1 andthe othermuonis small(Fig. 46). It is importantto notethatno selectioncutsrequiringmodel
dependentorrectionsverenecessaty

The study can be extendedto eventswith J/+ — ™~ accompaniedy an electronand for
J/1 — ete” combinedwith a muonor an electron. Using all thesecombinationsof leptonswiill
allow the measuremenf the samevariablesby differentdetectors)eadingto animproved control of
systematierrors.
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Fig. 46: Reconstructiomf bb — J/¢(uu)X + p usingcombinedMuon-Innerdetectoroff-line reconstructiorin ATLAS.

Table15: Semi-inclusie andexclusive channelsandidategor bb studies.Statisticsaregiven for ATLAS after 3 years,with
anintegratedluminosity of 30 £b~".

Inclusive channels | Statistics Exclusve channels Statistics
with thesame
leptoncontent
bb — J/p(up) X +p | 2.8-10° | bb — hadJ /v — ptp~ +p | 2.1-10°
bb — J/p(up)X +e | 3.6-10° | bb — hadJ /v — ptp= +e | 2.1-10°
bb — J/1(ee) X + 0.6-10% | bb — hadJ/v» — eTe™ +p | 0.9-10°




7.6 Multiple heavy quark pair production
7.61 Theoetical motivations

At presentonly the leadingordercalculation,0(a?), is available[136] for the bbbb productioncross
section.Theeffectsof higherordercorrectionscanonly be estimatedisingthe eventgeneratoiPy THIA

5.7. Sincethepredictionsof PYTHIA appeato beaboutafactorof 10 above theleadingorderanalytical
calculationd137], furthertheoreticaktudiesareneeded.

7.62 Measuemenipossibilities

Eventswith four b quarkscanbe identifiedin severalways,the mostappropriateone dependingupon
the context. As abackgroundo Higgssearchtherequirements four b jetsin the fiducial volume. For
the purposeof testingQCD predictionson doubleb production jt maybesuficientto reconstrucevents
with threeb quarksin thefiducial volume. For threeb quarkswith p; > 10 GeVand|n| < 2.5, PYTHIA
givesacrosssectionof 140 nb, which correspondso 140eventsproducedbersecond Despitethislarge
number it will be necessaryo definefeaturesallowing on-line selectionof theseeventsin the presence
of hugenon- andsingleb backgrounds.

As a sourceof anincorrecttagin CP violation measurementshe relevant bbbb eventsarethose
with two b hadronsproducedwith the sameflavour chage, identifiedin the fiducial volume,while two
other B-hadrons producedwith the oppositeflavour, are not detected.A direct measuremenof this
casecouldusereconstructeghagedmesonor baryonswhich areself-tagging.However the expected
statisticof theseeventsis insuficient. In fact,doubleb productionis expectedo be only aminorsource
of wrongtags[138]. Techniquesxist to determinethe wrong-tagratefrom all processesegardlesof
its origin, which doesnot needto beidentified[138].

Similar to the caseof doubleb production,the productionof doubly heary hadronssuchasthe
B.+ b+ ¢, Sy + b+ c, etc.,refersto an O(a?) lowestorder QCD processandalsoprovides a test
of perturbatre QCD calculations.The questionof higherorderQCD contritutionsand,probably non-
perturbatie contritutionsis still open[139]. Thetotal productionratein this casewill notbeindicative
enoughto establishthe role of differentproductionmechanismsandthe measuremerghouldinstead
concentraten the specificeventtopologies.In particular variouscorrelationsbetweenparticlescarry-
ing charmandbottommay be of importance.

Measuremenpossibilitiesare underinvestigationfor the channeIBé*) — J/uym [140] . A list
of possiblesemileptonicand nonleptonic B, decayscan be found for instancein[141]. The decays
B Jbuv, B J/vpt, BY J/pKT*, BY J/¢ D} areotherpotentiallyinteresting
modes.

7.7 Other measuements

B hadronswith non-zerospin can be polarizedperpendiculato their productionplane. Polarization
measurementsf b hadronsproducedn nucleonfragmentatiorncould clarify the problemsof different
polarizationmodels[142] thatfailedto reproduceheexisting dataon strangehyperonproduction[143].
In particular information aboutthe quarkmassdependencef polarizationeffects could be obtained.
For symmetryreasonsijn pp collisionsthis polarizationvanishesat zerorapidity, so thatthe expected
obsered polarizationin ATLAS andCMS will be smallerthanin the moreforward LHCh. Usingthe
methodof helicity analysef cascadedecayA) — A°.J/y the A polarizationcanbe measuredn
ATLAS with a precisionbetterthan0.016[144]. Anotherapproacho A‘b) polarisationmeasurement,
usingthe samedecaychannekanbefoundin [145].

In proton-protoncollisionsa chage productionasymmetryof b hadronds expected.The asym-
metry is definedasthe differenceof productionprobabilitiesof a B hadronandits antiparticle. From
the theoreticalpoint of view, the asymmetriesan provide informationon the effectsof soft dynamics



duringthe fragmentatiorand hadronizatior(i.e., on the soft interactionsdbetweerthe produced quark
andtheremnantsof the disruptedproton). Therelevant physicaleffectsareexpectedto be unimportant
[47] [146] [30] in the centralrapidity region coveredby ATLAS andCMS. In the moreforward region

of LHCb the asymmetrymay riseto a few percent.A detailedtheoreticaldiscussiorof this issuesare
givenin Section5.

Any productionasymmetryis alwaysmeasuredh the presencef a CPviolation asymmetryorig-
inatingfrom B-hadrondecaysIn somecaseshesewo effectsareexpectedo beof thesameorder This
is the case for instancejn the channelsB, — J/¢K*(KTn™), Bt — J/Y KT andA) — AJ /4,
which areexpectedto have a small CP violation (< 1%). A way of estimatingtherelative sizeof these
two effectsmaybebasednthefactthatthe productionasymmetryarieswith thetransersemomentum
andtherapidity of produced-quark,while thedecayasymmetryshouldremainthesame Measurements
of suchsmalleffectswill requiregoodunderstandingf thepossiblanstrumentatletectiorasymmetries.

7.8 Conclusions

The propertiesof b productionat the LHC canbe measuredy the threeexperimentswhich arecom-
plementaryin phasespace. The small overlap region will allow a crosscheckon the crosssection
normalization. The kinematicconditionsare suchthat Bjorken x valuessampledin b-productionare
above 107, aregion lower thanat the Tevatron, but alreadycoveredby HERA. Differentialcrosssec-
tion measurementssingexclusve B hadrondecayswill be mostimportantat smallpy values.At high
pr valuesandfor correlationsand multiple heary flavour productionmeasurementshe statisticscan
beincreasedy semi-inclusie B decayscontaining/ /. Possiblenethodsusingb-jetsrequirefurther
study to controlthe nonb QCD background.Theenormoud HC statisticswill alsoallow to studythe
productionpolarizationandchage productionasymmetries.

8. TUNING OF MULTIPLE INTERA CTIONS GENERATED BY PYTHIA 10
8.1 Intr oduction

Thetrackmultiplicity distribution aswell asthetransersemomentundistribution of chagedparticlesin

proton-protonnteractiongthe so-calledminimum biasevents)affect the performancesf the low level

triggersandthe detectoroccupang of the LHCb experiment[147]. They shouldthereforebe modelled
reliablyin Monte Carloprogramsin particular atLHC enegies,multiple interactiongplay animportant
role,andshouldnotbeneglected.

In Section8.2 we examinethe multiple interactionmodelsavailablein Py THIA [37] to describe
the eventstructurein hadron-hadromollisions. In Section8.3 we selecta compilationof homogeneous
dataat differentenegies suitableto tunethe multiple interactionsparameter®f PYTHIA; the tuning
procedureis presentedn Section8.4. We usethe phenomenologicaéxtrapolationsat LHC enegy
in orderto getthe predictionsfor the track multiplicity andthe transversemomentumdistributionsin
minimumbiasandbb events;thesearereportedn Section8.5.

8.2 Multiple interaction models

The multiple interactionsscenariois neededo describethe multiplicity obserablesat hadroncollid-
ers[148] andis alsosupportedby direct obseration [149] [150] [151]. The basicassumptioris that
severalparton-partonnteractionscanoccurwithin asinglehadron-hadrowollision. Four differentmod-
elsareavailablein PYTHIA. The main parameteof thesemodels,Pr, . , is the minimum trans\erse
momentumof the parton-partorcollisions; it effectively controlsthe averagenumberof parton-parton
interactionsand hencethe averagetrack multiplicity. The differenceshetweenthe four models,which

mainly affect the shapeof the multiplicity distribution, arethefollowing:
OgectioncoordinatorsP Bartalini, O. Schneider




e Modell (defaultin PYTHIA)
All the hadroncollisions are equivalent (as opposedio model 3 and 4 below) and all the
parton-partonnteractionsareindependentthe Py, . parameterepresentanabruptcut-of.

e Model2
SameasModel 1 but with a continuougurn-of of thecrosssectionat Py, _, .

e Model3
SameasModel 2, but hadronicmatterin the colliding hadronss distributed accordingto a
Gaussiarshapeandavaryingimpactparametebetweernthetwo hadronds assumed.

e Model4
SameasModel 3 but the matterdistribution is describedy two concentricGaussiardistribu-
tions.

The varying impact parametemodels(Models 3 and 4) were developed[148] to fit the UAS
data[152]. A recentstudyperformedby the CDF collaboration[153] concludeghata varyingimpact
parametemodel(Model 3) is alsopreferredo describeheunderlyingtracksin b eventsproducecdatthe
Tevatron.

In the absenceof publishedresultson multiplicity distributionsin minimum bias eventsat the
Tevatron,we compareagainthe predictionsof Model 1 andModel 3 with the UA5 data,usingthe final
chagedmultiplicity distribution from thefull pp datasamplecollectedby UA5 at /s = 546 GeV [154],
arecentversionof PYTHIAL, andamodernsetof partondistribution functions, CTEQ4L[14], tunedon
both HERA and Tevatrondata. For this comparisonthe main multiple interactionsparametePry. . )
is tunedin eachmodelto reproduceghe meanvalueof the measure¢hagedmultiplicity distribution in
notsinglediffractive events? (< N, >= 29.4 +0.340.9). WeobtainPr, . = 1.63 +0.02 for Model
landPry,,, = 1.97 4+ 0.03 for Model 3. The shapesf the multiplicity distributionsarecomparedn
fig. 47. 1t is clearthatModel 3 is preferredover Model 1 to describghe UAS data.In particulartheshape
of thetail athigh multiplicities is reproducednuchbetterby Model 3. The UA5 resultsarecorrectedor
thelower efficiency expectedon doublediffractive events. Thereforethe simulatedsamplesncludethe
generatiorof all kind of non single-difractive events. The uncertaintyin the diffractive crosssections
relative to the partoniconescan affect the obsered discrepanciebetweenthe dataand the Py THIA
predictionsin thelow multiplicity region'S.

8.3 Mean chargedmultiplicity atn = 0

In orderto producerealisticPyY THIA predictiongor themultiplicity obsenablesin theLHC ervironment,
it is necessaryo take into accountthe enegy dependencef the Py, parameterUnfortunatelythere
arenot mary publisheddataconcerninghe chagedmultiplicity distribution in minimumbiaseventsat
hadroncolliders. On the otherhandthereare somedataavailablerelative to the averagechaged mul-
tiplicity in nonsingle-difractive events,in particularfor the centralpseudo-rapidityegion. Therefore,
to studytheenepgy dependencef the P, . parameteatgeneratotevel, we consideranhomogeneous
sampleof correctedaveragechaged multiplicity measurementat six differentcenterof-massenegies
(v/s = 50, 200, 546, 630, 900 and 1800 GeV) in the pseudo-rapidityegion |n| < 0.25 [156] [157].
The enegy dependencef dN., /dn atn = 0 is shavn in fig. 48atogetherwith thefit of a quadratic
functionof In(s) proposedn Referencd157]; usingthisfit to extrapolateat LHC enegy would predict

dN,p,/dn = 6.11 £0.29 atn = 0.

version6.125[155] wasusedfor all the studiesreportedhere.

2In this papewe defineas“non single-difractive event” ary inelastichadron-hadrointeractionthatcannotberegardedas
asinglediffractive event; in the framavork of the Py THIA hadronicinteractionsthe “non single-difractive” sampleincludes
the2 — 2 partonicprocesseandthedoublediffractive hadron-hadrointeractions.

3Thepp crosssectionspredictedby PYTHIA at+/s = 546 GeV are30.7 mb for the partonicprocesseand5.3 mb for the
doublediffractive processes.
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Fig. 47: Chaged multiplicity distribution for non single-difractive eventsin pp collisionsat /s = 546 GeV asmeasured
by UAS5 [154] comparedvith Py THIA predictionsusingthe CTEQAL partondistribution functionsandeitherModel 1 (solid)
or 3 (dashedfor multiple interactions.In eachcasethe Pr, ., parametehasbeentunedto reproducehe meanmultiplicity
measuredn thedata.

8.4 Tuning of the multiple interaction parameter Py,
Theaveragechagedmultiplicity measuremenigerformedon nonsingle-difractive datain pp collisions
anddescribedn Section8.3areusedto tunethemainmultiple interactionparametein PYTHIA, Pr, . .
We generatenon single-difractive events. At eachvalue of /s, the Py, . parameteiis adjustedto
reproducethe averagemultiplicity measuredn the data. The uncertaintyon the tunedvalueof Pr, .
reflectsthe uncertaintyon the data. However, the tunedparametersiependon other aspectsof the
PYTHIA simulation:in particularthe effects of variouschoicesfor the multiple interactionmodeland
the partondistribution functionsare investigated.For simplicity, the resultsof thesestudiesare shavn
only for somerepresentate settings:
e asanexampleof pre-HERApartondistribution functionswe considerthe CTEQ2L [99] setused
by defaultin PYTHIA versions5.7, but recentlyretractedby their authors;
e asan exampleof post-HERA partondistribution functionswe considerthe CTEQA4L [14] and
GRV94L [159] sets thelatterbeingthenew defaultin PYTHIA versionss.1.

This studyis restrictedto Models1 and3 for multiple interactiongseeSection8.2).

The resultsof the tuning procedureare shawvn in fig. 48b: in eachcase, P, , appeardo be
monotonicallyincreasingasa functionof /s. This dependences muchmorepronouncedor the post-
HERA partondistribution functionsregardlesf the choicefor the multiple interactionamodel.

It was shawvn in Reference[159 that the post-HERA parton distribution functionsimply an
enegy-dependent’y cut-of. This is heuristically motivated by the Lipatov-like dependencef the
gluonicpartondistribution functionin the small« limit:

zg(x, Q%) — constant x x¢ for z — 0 (35)

with e ~ 0.08, while the pre-HERA partondistribution functionsgive areducedchage screeningeffect
andconsequenthalesssensitve runningof the Py cut-off. Thisis heuristicallymotivatedby the Regge-
like dependencef the gluonic partondistribution functionin the small<« limit:

zg(z, Q%) — constant for z — 0 . (36)
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Fig. 48: a) dN./dn atn = 0 asafunctionof /s. Thesolid curve represena phenomenologicdit performedoy CDF [157]
with theformulad N, /dn(s) = (0.02340.008) In?(s) — (0.25+0.19) In(s) + (2.5+ 1.0). Thetwo dashecturvesrepresent
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b) \/s-dependencef the Pr, , parameteffor variouspartondistribution functionsand multiple interactionsmodels. The
pointswith errorbarsaretheresultsof thetuningprocedureonthedata. The curvesaretheresultsof thefits throughthe points

assuminghefunctionalform of Equation37 andarecharacterizetby the parametergivenin Table16.

Table 16: Resultsof the fits describingthe exponentialrunning of the PYTHIA multiple interactionsparameterPr, , for
differentpartondistribution functionsandmultiple interactionanodels.

| Mult. int. model| PDF | PrC (GeVic) | €
3 CTEQ2L | 1.99+0.11 0.048 £ 0.006
3 GRV94L 4.06 £ 0.24 0.103 4+ 0.006
3 CTEQ4L | 3.47+0.17 0.087 £0.005
1 CTEQ4L | 3.12+0.16 0.100 £ 0.005

In orderto extrapolatePr, . atLHC enegy, oneneedsto find a reasonabldunction to fit the tuned
Pr, .. valuesasafunctionof /s for thedifferentpartondistribution functionsandmultiple interactions
models;afour degreeof freedomfit is performedusingthefollowing exponentialform, inspiredby the

recentimplementationsddedn PYTHIA sinceversion6.120[155]:

Pr,..(Vs) = Pp¢ (ﬁ> " (37)
man min \ 14 TeV

The fitted functionsare superimposean fig. 48b andthe resultsobtainedfor the fitted parameters

and P;HC aregivenin Table16. This quantitatve analysisdemonstratethatthe power law expressedn

Equation37 holdsfor valuesof ¢ betweer~ 0.08 and~ 0.10 if post-HERApartondistribution functions

areusedandfor somavhatsmallervaluesof ¢ (~ 0.05) for the pre-HERApartondistribution functions.



8.5 PYTHIA predictionsat LHC energy
Figures49aandb shav multiplicity andpseudorapidityistributionsfor chaged particlespredictedby

PYyTHIA at LHC with CTEQ4L andModel 3 for multiple interactions.The valueof P, atLHC is
obtainedby anextrapolation
14 TeV \ **
PLHC — PTevatron

where Pjevaton is the Py, . valuetunedat the Tevatronenegy of 1.8 TeV. For the parametek, we
adoptthe resultsglvenln Table16. It is importantto notethatthe predictionsd N, /dn = 6.30 + 0.42
(for e = 0.087  0.005) atn = 0 areconsistenwith the phenomenologicdiit displayedin fig. 48a

(AN, /dn = 6.11 & 0.29).

In orderto demonstratéheimportanceof thecorrectPr, . extrapolationfigs.49aandb alsoshov
resultsobtainedby assumlngPLHC PTevaLtron i.e. e = 0 not supportedoy the dataasdemonstrated
in Section8.4. Themultiplicity dlstrllwtlon hasa tail athighmultiplicitiesanddN,;, /dn atn = 0 is not

consistentvith thatobtainedfrom the phenomenologicHit.
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Fig. 49: PYTHIA predictionsat LHC enegy, usingthe CTEQA4L partondistribution functionsand Model 3 for multiple in-
teractionswith Pr, given by Equation38: the solid and dasheddistributions correspondo the centralvalue and +1 o

min

uncertaintieof thefitted valuee = 0.087 & 0.005. The dottedhistogramis obtainedwith e = 0, i.e. usingthe Pr, , value

tunedon Tevatron dataandignoring its enegy dependencea) Chaged track multiplicity in the entire 47 solid angle. b)
Averagechagedtrackmultiplicity perunit pseudorapidityasa functionof pseudorapidity

Figure50 shavs the samedistributions asfig. 49, but for the CTEQ2L partondistribution func-
tions. It is interestingto note that, oncethe extrapolationof Py, . is properlydone,thereis no large

differencebetweenthe multiplicity and pseudorapiditydistributions obtainedwith different structure
functions.

Figure5la-dcomparethe Py THIA predictionsfor the multiplicity andtransersemomentundis-
tributionsin the LHCb angularacceptancél.8 < n < 4.9) betweenminimum biasandbb events?,
Thesepredictionsare obtainedwith CTEQA4L, multiple interactionsModel 3 andthe proper Py, . ex-
trapolation. They shav clear differencesbetweenminimum bias and bb events, in particular higher
averagemultiplicity andtrans\ersemomentunfor bb events.

Thebb eventsareselectecamongthe minimumbiasevents.
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Fig. 50: PYTHIA predictionsat LHC enepy, usingthe CTEQ2L partondistribution functionsand Model 3 for multiple
interactionswith Pr, , givenby Equation38: the solid and dasheddistributions correspondo the centralvalueand £1 o
uncertaintieof thefitted valuee = 0.048 & 0.006. The dottedhistogramis obtainedwith e = 0, i.e. usingthe Pr, , value
tunedon Tevatron dataandignoring its enegy dependencea) Chaged track multiplicity in the entire 47 solid angle. b)

Averagechagedtrackmultiplicity perunit pseudorapidityasa functionof pseudorapidity

Py THIA predictionswith multipleinteractiondModel 1 for themultiplicity andtransersemomen-
tum distributionsareshawn in fig. 52 for minimumbiasandbb events.Comparedo theresultsobtained
with Model 3, lesssignificantdifferencesbetweenminimum bias and bb eventsis obsered. In Sec-
tion 8.2we have stressedhata varyingimpactparametemodelfor multiple interactiongi.e. Model 3)
is neededo describethe chagedtrack multiplicity in hadron-hadrointeractions.Thereareaguments
in favour of adoptinga multiple interactionamodelwith varyingimpactparameteto describehe heary
flavour productionat hadroncolliders[160], thoughthereare no experimentaldataat low trans\erse
momentumand high pseudorapidityi.e. in the LHCb acceptanceegion). A more detaileddiscussion
on the effect of multipartoninteractiongn bb eventsat LHCb canbefoundin Referencg161].

8.6 Conclusions

ComparisonetweerPy THIA andexperimentabdatademonstratéhat,in orderto reproduceghechaged
trackmultiplicity spectrumavaryingimpactparametemodelhasto be adopted.

The varyingimpactparametemodelspredictsensitve differencesn multiplicity and Pr distri-
bution betweenight andheavy flavour events.

The runningof the Pr cut-of parametein PYTHIA multiple interactionss mandatory Predic-
tionsmadeat LHC enegy with afixed Pp cut-off tunedat lower enegiesoverestimatehe multiplicity
obserables.Takinginto accountherunningof the Pr parameters evenmoreimportantif post-HERA
partondistribution functionsareused.
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Fig. 51: PyTHIA predictionsfor chagedtracksin the LHCb acceptancesingthe CTEQ4L partondistribution functionsand
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