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Abstract
Wereview theprospectsfor bottomproductionphysicsat theLHC.

1. INTR ODUCTION

In the context of the LHC experiments,the physicsof bottom flavouredhadronsentersin different
contexts. It can be usedfor QCD tests,it affects the possibilitiesof

�
decaysstudies,and it is an

importantsourceof backgroundfor severalprocessesof interest.

The physicsof � productionat hadroncollidershasa ratherlong story, datingback to its first
observationin theUA1 experiment.Subsequently, � productionhasbeenstudiedattheTevatron.Besides
the transversemomentumspectrumof a single � , it hasalsobecomepossible,in recenttime, to study
correlationsin theproductioncharacteristicsof the � andthe � .

At theLHC new opportunitieswill beofferedby thehighstatisticsandthehighenergy reach.One
expectsto beableto studythe transversemomentumspectrumat highertransversemomenta,andalso
to exploit thelargestatisticsto performmoreaccuratestudiesof correlations.

This chapteris organizedasfollows.

Section2 is mostly theoretical.Its goal is to provide benchmarkcrosssectionsanddistributions
for the LHC, including ratesrelevant for the trigger requirementsof the experiments.Furthermore,a
discussionof the presentstatusof � productionphenomenologyat hadroncolliders is given. In this
context, one cannotforget that the theoreticalstatusis a mixed success.On one side, the shapeof
distributions and correlationsare reasonablywell explainedby perturbative QCD. On the other side,
however, theobserved crosssectionsat theTevatronarelarger thanQCD predictions.It is hopedthat
further studiesmay help to understandthe natureof the discrepancy. As of now, we seetwo possible
explanations:eithertheabsolutenormalizationof thecrosssectionis not correctlypredicteddueto the
presenceof large higherorderterms,or theshapeof thedistributionsis distortedby someperturbative
or non-perturbative effects(like, for example,fragmentationeffects). With the wide ��� rangecovered
by theLHC experiments,andperhapsalsowith thepossibility of performingmoreaccuratestudiesof
correlations,thesetwo possibilitiesmaybedistinguished.Theproblemof fragmentationeffectshasbeen
studiedin thisworkshopalsofrom thepoint of view of hadronizationmodelsin MonteCarloprograms,
in Section3. This study dealswith the hadronizationmodel in the HERWIG Monte Carlo program.
Its aim wasto understandwhether, in simple realisticmodelsof hadronization,the usualassumption
of QCD factorizationis really at work. In general,the problemof studyinghow realisticis the heavy
flavour productionmechanismimplementedin shower Monte Carlo’s is quite important,andprobably
will requireaconsiderableeffort. Along this line, in Section4,aproblemin theheavy flavourproduction
mechanismsimplementedin PYTHIA is examined.

Furtherself-containedtheoreticaltopicsaredealtwith in Sections5 and6. Section5 dealswith
thechargeasymmetryin � productionin ��� collisions.In thiscontext, QCDis notof greathelp,sincein
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perturbative QCD chargeasymmetriesturn out to beextremelysmall. Instead,studiesaremadewithin
specifichadronizationmodels,thatareparametrizedin sucha way that they fit charmasymmetrydata.
This topic,besidesbeinginterestingin its own, sinceit dealswith aphenomenonwhich is dominatedby
non-perturbative physics,hasalsoanimpacton ��� violationstudiesin

�
decays.

In Section6 quarkonium productionis discussed.This subjecthasbeenintensively studiedin
recentyears,following aninitial CDFobservationof a 	�

� productionratemuchhigherthantheoretical
predictions.This hastriggered,from thetheoreticalside,theunderstandingthat thefragmentationpro-
cessis thedominantmechanismin quarkoniumproduction.Besidesthis,a novel branchof applications
of perturbative QCD, theNRQCDapproach,hasemerged,thatmaybeusefulto explain theproduction
process.

In Section7, theprospectsfor � detectionarediscussed.It is shown that thereis a complemen-
tarity betweenATLAS/CMS andtheLHCb experiment,with a certainregion of overlap. In particular,
the LHCb experimentcandetectvery low momentumheavy quarks,while the otherexperimentscan
reachthevery high transversemomentumregion. Someresultson correlationsmeasurementsarealso
given,exploring thepossibilityof lookingatone � decayinginto a 	�

� , andtheotherdecayingsemilep-
tonically. Doubleheavy flavour production,charge asymmetry, polarizationeffects,anddoubly-heavy
mesonproductionarealsodiscussed.

In Section8 thetuningof themultiple interactionparametersin PYTHIA is illustrated.Thecorrect
treatmentof multiple interactionsis importantto modelthemultiplicity observablesin bothminimum-
biasandheavy flavour events.

2. BENCHMARK CROSSSECTIONS1

2.1 Total crosssections

It is assumedthatheavy flavourproductionin hadroniccollisionscanbedescribedin theusualimproved
partonmodelapproach,wherelight partonsin theincominghadronscollideandproduceaheavy quark-
antiquarkpairvia elementarystronginteractionvertices,like, for example,in thediagramof fig. 1. This

Fig. 1: Typicaldiagramfor heavy flavourproduction

descriptionis appropriatefor all hardprocessesin hadroniccollisions,andthus, in the caseof heavy
flavours,is applicableaslong asthemassof theheavy flavour canbeconsideredsufficiently large. The
perturbative QCDcrosssectionfor heavy flavourproductionhasbeencomputedto next-to-leadingorder
accuracy (i.e. ������� ��� ) a long time ago[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11], anda largeamountof
experimentalandtheoreticalwork hasbeendonein thisfield. A relatively recentaccountof thestatusof
this field canbefoundin ref. [12]. It canbesaidthatqualitatively theQCD descriptionof heavy flavour
productionseemsto beadequatealsofor charmproduction,while quantitatively largeuncertaintiesare
presentin thecalculationof thecharmandbottomcrosssection.Only for a quarkasheavy asthe top
quarktheperturbative calculationseems(up to now) to predictthecrosssectionwith agoodaccuracy.

1Sectioncoordinator:P. NasonandG. Ridolfi



Table1: Dependenceof the � crosssectionon scalechoices.��� 
�� � ��! 
�� � Total (� � ) Born (� � )
0.50 1.00 0.2779"
# � 0.6465"
#�$
1.00 1.00 0.4960"
# � 0.1796"
# �
2.00 1.00 0.6453"
#�� 0.3253"
#��
0.50 0.50 0.5126"
#�� 0.1078"
#��
1.00 0.50 0.8289"
# � 0.2995"
# �
2.00 0.50 0.9538"
# � 0.5426"
# �
0.50 2.00 0.1758"
#�� 0.4355"
# $
1.00 2.00 0.3353"
#�� 0.1209"
#��
2.00 2.00 0.4669"
# � 0.2191"
# �

Largeuncertaintiesarealsofoundin thecalculationof thebottomproductioncrosssectionat the
LHC. Thelargestuncertaintyis dueto unknown higherordereffects,andit is traditionallyquantifiedby
estimatingthescaledependenceof thecrosssectionwhenthe renormalizationandfactorizationscales
are varied by a factor of 2 above and below their centralvalue, which is usually taken equal to the
heavy quarkmass.Sincethisuncertaintyis dueto a limitation in ourcurrenttheoreticalknowledge,it is
hardto overcome.Othersourcesof uncertaintyarerelatedto theoreticalandexperimentalerrorsin the
parametersthatentertheperturbative calculation:thevalueof thestrongcouplingconstant,theheavy
quarkmass,andthepartondensityfunctions.

Wepresenthereabenchmarkstudyof � totalcrosssectionsat theLHC, usingtheFMNR package
for heavy flavourcrosssections[5] [8] (thecodefor thispackageis availableuponrequestto theauthors).
In thestudywe consider% The dependenceof the total crosssectionon thechoiceof the factorizationandrenormalization

scales.Wewill usethevalues�'& � ��(*)�� �*(+� ��

) .% Thedependenceonthepartondensityparametrization.Wewill usethesetsMRST[13], MRST�-,�.+� ,
MRST�-,�/0� , MRST��� � /�� andMRST��� � .0� . Thefirst setis usedasreferenceset. MRST�-,�.0� and
MRST�-,�/0� have extremegluon densities,MRST��� � /0� -MRST��� � .�� have extremevaluesof the
strongcouplingconstant:132 & )
)
# MeV for MRST, 164 MeV for MRST��� � /0� , 280 MeV for
MRST��� � .0� . Crosssectionvaluesobtainedwith theCTEQ4[14] setareverysimilar to theMRST
set. We have preferredto usethe MRST setsbecausethey gave us the possibility to performa
studyof sensitivity to 1 andto variationsin thegluondensity.% Thedependenceon the � quarkmass:� � &54�687
9;: # 6 ) 9 GeV.

Factorizationandrenormalizationscaledependenceof thetotalcrosssectionat < = & " 4 TeV is reported
in table1, wherewe have usedtheMRST partondensities,with 1 2 & )
)
# MeV, andwe have fixedthe� massat thevalue� � &>4�687
9 GeV. Noticethat:% If wekeep���?&>��! , thefull crosssectionvariationis small(467to 512 � � ).% Thelargestcrosssectioncorrespondsto large ��� andsmall ��!% Thesmallestcrosssectioncorrespondsto small ��� andlarge ��!
This is understoodsince,at small @ , thegluondensity,��-@A� grows with thescale,and � � decreaseswith
thescale.

Thedependenceon thechoiceof partondensityparametrizationis shown in table2. As onecan
see,thesensitivity to thevariationof thegluondensityis small.Apparently, theconstraintsfrom HERA
dataarestrongenoughin the @ regionwheremostof the � productiontakesplace.Thedependenceupon
the strongcouplingconstantis insteadlarger, andcanincreasethe upperlimit of the crosssectionby
about40%. The last two setshave 1 2 & "
B 4 and288MeV respectively, correspondingto � � ��CEDF� &# 6 "
"
) 9 and0.1225,which is a reasonablylargerange.



Table2: Partondensitydependenceof total crosssections(in G�� ).
central lowest highest

MRST 0.4960"
# � 0.1758"
# � 0.9538"
# �
MRST�-,�.0� 0.4866"
# � 0.1727"
# � 0.9337"
# �
MRST�-,�/0� 0.4992"
#�� 0.1751"
#�� 0.9610"
#��
MRST��� � /�� 0.4487"
#�� 0.1799"
#�� 0.7878"
#��
MRST��� � .�� 0.6001"
# � 0.1894"
# � 0.1267"
#�H

Massuncertaintiesarequiteimportant,especiallyif � � is allowedto take very smallvalues.This
canbeseenfrom table3. Weseethatloweringthe � massfrom 4.5down to 4 GeVraisestheupperlimit

Table3: Massdependenceof total crosssections(in GI� ).
� � (GeV) central lowest highest

4 0.7957"
#�� 0.2336"
#�� 0.1706"
# H
4.5 0.5789"
# � 0.1945"
# � 0.1138"
#�H
5 0.4313"
# � 0.1609"
# � 0.8087"
# �

of the crosssectionby about50%. It is however unlikely that suchsmall valuesareviable. A rough
view of thestatusof thebottommassdeterminationis given in fig. 2, which we obtainedby takingthe

Fig. 2: Differentdeterminationsof the � quarkpolemass.

variousdeterminationsof the JEK bottommassfrom theParticleDataBook,andrescalethemby afactor
of (1+0.09+0.06),to accountfor the two-loopcorrectionneededto translatethe JEK massinto thepole
mass.As onecansee,not all determinationsareconsistentamongeachother. A critical review of all
determinationsis beyondthescopeof this workshop.We shouldhowever point out thatrecentprogress
hasbeenmadein the bottommassdetermination.The readercanfind a summaryof theseissuesand
furtherreferencesin ref. [15]. It is arguedtherethatthebottommassis determinedwith higherprecision
in processeswhereit is probedat shortdistances,like in the L mass,or via sumrulesappliedto the
bottomvectorcurrentspectralfunction in MONAMOP annihilation. The massextractedin this way canbe



reliably relatedto thesocalled JEK mass.Therelationof the JEK massto thepolemassis insteadnot so
precise,becausetheperturbative expansionthatrelatesthetwo quantitiesis not convergent. In ref. [15]
apreferredvalueof Q� ���-� ��� &54�6 )
R : # 6 #
S is given,where Q� ���-� ��� is the JTK bottommassat thescale
of the bottommassitself. The correspondingpole mass,obtainedusing the newly computed3-loop
relationbetweenthe JEK andpolemass[16] [17], is 4�68U S : # 6 # U GeV. If onewantedto accountfor the
uncertaintiesdueto thelackof convergenceof theperturbative expansion,therangeobtainedin thisway
shouldbeenlargedby someamount,of theorderof 100MeV. Thequestionariseswhetherit would be
possibleto eliminatethisuncertaintyby expressingthehadroproductioncrosssectionin termsof the JEK
mass.In ourview, theansweris mostlikely no,sincethebottomhadroproductioncrosssectiondoesnot
have thesameinclusive characterasthesumrulesappliedto the M N M P bottomspectralfunction.

In the presentwork we thususedthe traditionalrange4�689 GeV VW� ��V 9 GeV for the bottom
polemassin thehadroproductionprocess,keepingin mindthatrecentdeterminationsseemto favour the
upperregionof this range.Thesensitivity of thecrosssectionto thebottommassin this rangeis atmost
of : "
# %, andit becomesmuchsmallerif transversemomentumcutsareapplied. Thus,asfar asthe
LHC is concerned,thisuncertaintyis not very important.

The largestuncertainy in the crosssectioncomesfrom the scaleuncertainty, which is a (rather
arbitrary)methodto assessthe possibleimpactof unknown higherordercorrections.In the following
we reporta brief discussionof theorigin of theselarge corrections.Radiative correctionsfor the total
crosssectionareusuallyparametrizedas follows. The total crosssectionsXIY[Z for the variousparton
subprocesses( \]\](*\^,�(+,�, ) have aperturbative expansionsgivenby

X Y[Z & ��$ � � � �� $
_�`badcY[Z �-e���f 4
g � � _�`ih�cY[Z �-e���f Q_ `jh�c �-e��lk m
n � $� $ ( (1)

wheree &o4 � $� 
�pq and pq is thesquaredpartoniccenter-of-massenergy. Thefunctions
_�`raOs h�cY[Z for the \]\

and,�, subprocessesaredisplayedin fig. 3. Noticethebehaviour nearthreshold

Fig. 3: Partoniccrosssectionfor the tvut and w*w subprocesses.
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dueto Coulomb "

�} singularitiesandto Sudakov doublelogarithms.Nearthreshold,thesetermsmay
requirespecialtreatement,suchasresummationto all orders.Notice alsothe constantasymptoticbe-
haviour of

_ `jh�c��� , whichmaycauseproblemsfar above threshold.

Plottingthecrosssectionasa functionof thepartonicenergy pq mayhelpto understandtheorigin
of large corrections. We find that radiative correctionsare large nearthe productionthreshold. This

Fig. 4: Partoniccrosssectionasa functionof ����������
.

problembecomesmore and more severe as we approachthe productionthreshold. Thus, it is more
importantfor productionof � atfixedtargetenergies,or for productionof � Q� pairsatcolliders.Techniques
to resumtheselargecorrectionsto all ordersof perturbationtheory, at theNLO level areavailable[18],
but it is foundthatlittle improvementis achievedfor thebottomcrosssectionatcolliderenergies.Large
correctionsarealsofoundfarabovethreshold.Thiseffect isboundto becomemoreandmorepronounced
in thehigh energy limit. In orderto reducethescaleuncertaintiescomingfrom thesecorrections,one
shouldresumthemat thenext-to-leadingorderlevel. This problemhasbeendiscussedin theliterature,
so far, only at the leadinglogarithmic level [19] [20] [21] [22]. At the time of the completionof this
workshop,no furtherprogresshasbeenachievedin this field.

In fig. 5 we presenta study of the scaledependenceof the total crosssectionasa function ofe . We find a largescaledependencenearthreshold,dueto bothrenormalizationandfactorizationscale
variation,anda largescaledependencefar from threshold.Here,therenormalizationscaledependence
plays a dominantrole. Renormalizationscalevariationsare mainly due to the large variation of the
couplingconstantin the ������� ��� terms.Whereradiativecorrectionsaresmall,areasonablescalecompen-
sationtakesplace.Thus,boththethresholdandthehighenergy regions,wherecorrectionsarelarge,are
stronglyaffected.Factorizationscalevariationhasastrongimpacton thresholdcorrections,while in the
high energy region we observe somecompensation.In fact, thecrosssectionnearthresholdincreases
with ��� nearthreshold,while above thresholdthe ���'& � valueis above both the ���'& �'

) andthe����& )�� curves, indicatingthe presenceof somesort of compensation.As of now, it appearsthere-
fore thata betterunderstandingof thehigh energy region will not stronglyreducethescaleuncertainty,
althoughit might,of course,improve ourconfidencein theerrorbandwequote.

Thestudygivenheredealswith totalcrosssections.It shouldberepeatedwith appropriaterapidity
cuts,sincethis mayreducelargeeffectsdueto thehigh energy limit. In general,we mayexpectthatthe



Fig. 5: Scaledependenceof thetotal crosssection.

Fig. 6: Crosssectionsasin table4. The four barsin eachgroupcorrespondto differentchoicesof � and ��� �l� , in the order

reportedin thefigure.

crosssectionwith rapidity andtransversemomentumcutsmay have smallererror barsthanthe total.
It is particularlyinterestingto investigatedirectly crosssectionsfor muonsoriginatingfrom

�
decays,

sincemuonsare often usedas trigger objectsfor
�

physics. We have performedthis study using a
simple implementationof the

�
semileptonicdecayin the FMNR program,that will be describedin

moredetailsin the following subsections.The resultsareshown in table4. The sameresultsarealso
reportedin fig. 6, sinceseveral featuresbecomemoreapparentthere.First of all, we point out that,as
expected,thereis a considerablereductionin thescaledependencein thesemuonrates.This is mostly
dueto thepresenceof cutsin thetransversemomentumof themuon,that increasesthetotal transverse



Table4: Crosssections(in G�� ) for ����G���� production,with a muon,or both, satisfyingappropriatecuts. Only muons

comingdirectly from � decaysareincludedhere. The calculationwasperformedusingthe CTQ4M partondensities.The

uppernumberarethemaximum,andthelower numbertheminimumof thevaluesobtainedby varyingthescalesin theusual

way. Thecorrespondingtotalcrosssectiosare165to 864 G
� The ����G branchingfractionwastakenequalto 10.5%.Different

valuesfor the � parameterof thePetersonfragmentationfunctionareassumed.Thelasttwo columnshow theimpactof arather

largeintrinsic transversemomentumof theincomingpartons.� 0 0.002 0.006 0.002 0.006�-�d ¢¡
(GeV) 0 0 0 4 4
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energy that characterizesthecrosssection.Thus,while the ratio of theupperto the lower limit of the
crosssectionis above a factorof 5 in thetotal rate,it is betweena factorof 2 and4 in themuonrates.
The smallestvaluesare achieved for the highestmomentumcuts. A non perturbative fragmentation
functionof thePetersonform wasalsoincludedin thecalculation,with � parametertakingthevalues#
(i.e.,no fragmentation),# 6 #
#
) and # 6 #
#
B . More detailson its implementationaregivenin thefollowing
subsections.Observe that for softerfragmentationfunctions(i.e. larger � parameter)theuncertaintyis
reduced,sincethey imply higherquarkmomenta.Thereductionin thescaleuncertaintyis obtainedat
thepriceof introducingasensitivity to thefragmentationfunctionparameter. Weconsideredasrealistic
valuesof � between0.002and0.006.Thecorrespondingvariationof thecrosssectionis not large. The
impactof an intrinsic transversemomentumof the incomingpartons(seethe following subsections)is
alsostudied.We have chosentheunrealisticallylargevalue

�-�d ¢¡ &´4 GeV just to show thatits effect is
in all casesnotadramaticone.

2.2 Transversemomentumspectrum

2.21 Benchmarksingle-inclusivedistributions

Thefixed-order, NLO resultfor single-inclusive � productionhasseveral limitationsin differentregions
of the phasespace. In particular, oneshouldbe awareof the high-energy limit problemwhen �   is
smallcomparedto the incomingenergy, of the logarithmsof � ��
��   for high transversemomenta,and
of furtherproblemswhenapproachingthe thresholdregion. All theseissueswill bediscussedin some
detail in thenext Sections.However, thefixed-ordercalculationat NLO providesa usefulstartingpoint



Fig. 7: Differentialcrosssectionfor heavy flavourproductionvs. µ � , for differentrapidities.

Fig. 8: Differentialcrosssectionfor heavy flavourproductionvs. ¶ for differentµ � values,asgivenin tables5-8.

for estimatingthe differentialcrosssection. At this time, it is probablynot useful to performa cross
sectionstudywith differentsetsof partondensities,and for differentvaluesof the � mass. We limit
ourselves to the MRST set,andwe only study the scaledependenceof the crosssection. We do not
include,at this stage,fragmentationeffects,which, asshown in the following Sections,canbe easily
accountedfor. In tables5-8wecollecttheresultsof thisstudy. Thecentralvaluesweobtainedarealso
plottedin figs.7 and8, sothatthewide kinematicrangeof heavy flavour productioncanbeappreciated
by aglance. Moredetailedrapiditydistributionsat low momentaareshown in fig. 9. Firstof all, wesee
that thedifferentialcrosssectionspansmany ordersof magnitude.At a luminosityof "
#�� Hv·*¸¹Pº$�»�¼I·½P h
each� � of crosssectioncorrespondsto "
#�H eventspersecond,or (roughly) "
# h�h eventsperyear. Thus,
at thelevel of "
# P h�h in theplot thereshouldbeoneeventperyearperbin of �   and¾ . The �   spectrum



Fig. 9: Differentialcrosssectionfor heavy flavourproductionvs. ¶ for differentµ � values.

startsto dropfastfor �   larger thantheheavy quarkmass,droppingevenfasterasthethresholdregion
is approached.Therapidity distributionshave thetypical shapeof a wide plateau,droppingat theedge
of thephasespace,andbecomingnarrower for largertransversemomenta.At theLHC thegluonfusion
productionmechanismis dominant,ascanbeeseenin fig. 10. Thereonecanseethatthequark-antiquark

Fig. 10: Thetotal, t^t andt^w componentsof thedifferentialcrosssectionfor heavy flavourproduction.

annihilationcomponentis below thegluonfusioncomponentby morethanoneorderof magnitudein the�   rangeconsidered,while thequark-gluontermbecomesmoreimportantat larger �   . We remindthe
readerthatthecrosssectionfor \]\ y ��f§¿ is not includedin theNLO calculation.Onemaythusworry
abouta lossof accuracy in theresult,sincethequark-quarkluminosityat theLHC areby far thelargest
for high transversemomenta� production. This problem,however, is dealtwith appropriatelyin the



resummationformalismfor high �   heavy flavour production,wherea quark-quarkfusioncontribution
doesindeedappear.



Table5: DifferentialcrosssectionÀ*Á � À*µ �� À*¶ for singleinclusive � productionat theLHC, for µ � from 1 to 80GeVand¶ from

0 to 4. Thetablewascomputedwith the ÂTÃÅÄ
Æ partondensityset,for ��Ç�È���ÉbÊ^Ë GeV. Thecentralvaluewasobtainedwith

the factorizationandrenormalizationscalesetto µ �� � � � . The upperandlower valuesgive themaximalvariationwhen

varyingthescalesindependentlyby a factorof 2 above andbelow thecentralvalue.Crosssectionsarein GI� ; eachelementin

a row shouldbemultipliedby thecommonscalefactorin theleft column.
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Table6: As in table5, for ¶ from 4.5to 6.5.

¾ 4.5 5 5.5 6 6.5�   & " 4�689 " R 6 4 B ) 6 R
B " 6 R
B # 689
U"
# P h�Ì "
" 6 B S 6 4 9
6 R ) 6 S 7 " 6 " 9)
# " 4�6 ) S 689 4�6 4�7 " 6 S�   & ) R 687�4 ) 6 S
) " 6 S
S " 6 # 4 # 6 4 R
""
#�P h Ì U B 6 4 4�6 # 4 ) 6 " # 6 S" 4�6 B "
# 6 ) B 6 R R 6 ) " 6 )
R�   & R ) 6 S ) 6 #
B " 6 R
) # 6 B U # 6 )
B
""
# P h�Ì B 6 ) 4�6 R 9 ) 6 B 9 " 6 R
" # 6 4�9 S"
# 6 " B 6 S 4�6 # 7 " 68U
7 # 687�   &>4 " 68U R " 6 R 7 # 6 S 4 # 6 4 " 9 # 6 "
R 7"
#�P h Ì 4�6 #
S ) 687 S " 6 B
) # 687
9 # 6 )
R
"B 687 4�6 4
4 ) 689 R " 6 " 9 # 6 R 9�   &¥9 " 6 ) 7 # 6 S 7 # 689 " # 6 )
R
R # 6 #
B 9"
# P h�Ì ) 689 ) " 6 B 7 # 68U R # 6 4 # 4 # 6 "
# 94�6 " U ) 687 " " 689 # 6 B
R # 6 "
B�   &¥7 9
6 " R 6 ) 4 " 687 " # 6 B 9 # 6 "
)"
# Pº$ Ì U
6 R 9
6 S ) 68U R " 6 #
B # 6 " 7 S" 9
6 4 U
6 4 4�6 B
B " 6 B
R # 6 )
B
S�   & "
# " 6 ) U # 687
9 # 6 R
R
R # 6 # U B 6 4 "
# P �"
# Pº$ Ì ) 6 ) " 6 )
R # 689 R # 6 "
R 4 S 6 S�"
# P �R 689�4 " 68U
9 # 6 S
" # 6 ) # 6 #
"
)
S�   & " 9 " 6 S
B # 6 S
S # 6 ) 7
U # 6 #
R
) 4 " 6 )�"
#�PºH"
# P � Ì ) 6 S
B " 6 R
" # 6 R U
9 # 6 # 4 R
" " 689
7 "
# PºH4�6 R
B " 68U
9 # 689
7 # 6 #
B
" ) 6 ) 9 "
#�PºH�   & )
# # 6 R 7 " # 6 " 4 R # 6 #
)
S
S S 6 S�"
# PºH " 6 " 7 "
# P h $"
#�P � Ì # 689�4 # 6 " U
U # 6 #
R 7
U " 6 "
S�"
#�P � " 6 4
4 "
#�P h $# 687 S # 6 )
S
" # 6 # 9 R " 6 B U "
# P � " 689
7 "
# P h $�   & R
# # 6 ) 7 S # 6 #
B
) R 6 )
S�"
#�P � " 6 " 4 "
#�P « #"
# PºH Ì # 6 R
B U # 6 #
S
) 4�6 R U "
# P � " 689
9 "
# P « ## 689 # 6 "
" 4 B 6 )�"
#�P � ) 6 #
)�"
#�P « #�   &>4 # # 6 R
"
B # 6 #
R
B ) 6 4 S�"
# PºH # #"
#�P 2 Ì # 6 4 "
S # 6 # 4 S
" R 6 ) 4 "
#�PºH # ## 689 S # 6 #
B 7 4�6 4 R�"
# PºH # #�   &¥9 # # 6 # 4�9
7 ) 6 ) 9 "
# P � B 6 4 "
# P ª # #"
# P 2 Ì # 6 #
B
" R 6 #
)�"
# P � S 6 )�"
# P ª # ## 6 #
S 9 4�6 )�"
#�P � " 6 # 7 "
#�P « # #�   & B
# # 6 # 7 B " 6 )
R�"
#�P � # # #"
# P ©�Ì # 6 "
#
) " 6 B 4 "
# P � # # ## 6 " 4 R ) 6 ) 9 "
# P � # # #�   & S
# ) 6 4 S�"
# P � ) 68U R�"
# P « # # #"
#�P © Ì R 6 ) U "
#�P � R 68U "
#�P « # # #4�689 B�"
# P � 4�687 S�"
# P « # # #



Table7: As in table5, for µ � from 100to 300.
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Table8: As in table5, for µ � from 320to 500. In theentrieswith a Í thecrosssectionis toosmallto becomputedreliably.
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2.22 UnderstandingTevatron data

It is well known thatTevatrondatafor theintegratedtransversemomentumspectrumin � productionare
systematicallylarger thanQCD predictions.This problemhasbeenaroundfor a long time, althoughit
hasbecomelessseverewith time. Thepresentstatusof this issueis summarizedin fig. 11. A similar

Fig.11: Theintegratedµ � distributionfor single� productionmeasuredattheTevatron,andthecorrespondingQCDprediction.

discrepancy is alsoobservedin UA1 data(seeref. [12] for details).

Thetheoreticalpredictionhasaconsiderableuncertainty, whichis mainlydueto neglectedhigher-
order termsin the perturbative expansion. In our opinion, it is not unlikely that we may have to live
with this discrepancy, which is certainlydisturbing,but not strongenoughto questionthe validity of
perturbative QCD calculations.In otherwords,theQCD ����� � � � correctionsfor this processareabove
100%of theBorn term,andthusit is not impossiblethathigherordertermsmaygive contributionsof
thesamesize.Nevertheless,it is usefulto look for higher-orderperturbative effectsandnon-perturbative
effectsthatmayenhancethecrosssection.

Forvaluesof �   muchlargerthanthe � quarkmass,largelogarithmsof theratio �   
�� � arisein the
coefficientsof theperturbativeexpansion.Techniquesareavailableto resumthisclassof logarithmsto all
orders.In ref. [23] theNLO crosssectionfor theproductionof amasslesspartonÏ (agluonor amassless
quark)hasbeenfoldedwith theNLO fragmentationfunctionfor thetransitionÏ y � [24]. Theevolution
of the fragmentationfunctionsresumsall termsof order ��Ð �Ñk m
n Ð �-�   
�� ��� and � Ð N h� k m
n Ð �-�   
�� ��� . All
thedependenceon the � -quarkmasslies in theboundaryconditionsfor thefragmentationfunction.The
resultis thenmatchedwith the full NLO crosssection,which containstheexactdependenceon � � up
to order ��� � , in awaythatavoidsdoublecounting.Correctionsto theresultof ref. [23] areeitherof order

��H � k m
n Y �-�   
�� ��� , with ÏÑÒ¥) , or of order ��H � timespositive powersof � ��
 � $   fÓ� $� .
Figures12-13show the differentialand integrated � -quark �   distribution obtainedin the frag-

mentationfunctionapproachof ref. [23], comparedto thestandardfixed-orderNLO result. It shouldbe
notedthatfor high transversemomentathescaledependenceis significantlyreducedwith respectto the



fixed-ordercalculation.Furthermore,it canbeseenfrom fig. 13 that, for "
# ­Ô �   ­Ô R
# GeV, the result
of the fragmentation-function approachlies slightly above the fixed-orderNLO calculation. This has
beeninterpretedin ref. [23] asan evidencefor large, positive higherordercorrections.Unfortunately,
their effect is not easyto quantify. Thesehigherordertermsarein factcomputedin a masslessapprox-
imation,andthusfail at low transversemomenta.In figs. 12-13thesetermsaresuppressedby a factor
thatbecomessmallerandsmallerat low � � . A moredetaileddiscussionof this point canbefound in

Fig. 12: Single-inclusive µ � distribution for � productionat theTevatronenergy: pureQCD andresummedresults.

Fig. 13: Integratedµ � distribution for � productionat theTevatronenergy: pureQCDandresummedresults.

theoriginal reference.Here,we simply concludethatsomeevidencefor largehigherordertermsin the
intermediatetransversemomentumregion is present,althoughdifficult to quantify.

Finally, noticethat the overall effect of the inclusionof higher-order logarithmsis a steepening
of the �   spectrum.This is quitenatural,sincemultiple radiationis accountedfor in the resummation
procedure.



It hasbeenarguedthatanintrinsictransversemomentumfor theincomingpartonsmayexplainthe
discrepancy observedat theTevatron. In fact, largevalues(up to 4 GeV) of theaveragetransversemo-
mentumof theincomingpartonshave beeninvokedto explaindirectphotonproductiondata[25]. Such
largevalues,muchlargerthantypicalQCDscales,areclearlyincompatiblewith theusualapplicationof
perturbative QCD.Thus,evidencefor sucha largeintrinsic transversemomentumcannotbeclaimedon
thebasisof a singleobservable. In otherwords,we would needevidencefrom severalobservables,all
leadingto asimilar valueof theintrinsic

�d 
, beforeweacceptsuchaflaw in theusualperturbative QCD

description.Nevertheless,in thefollowing we will performtheexerciseof applyingvery large intrinsic
transversemomentato theheavy flavour productionprocess.This procedurewill leadto anincreasein
the � transversemomentumspectrum.Wewill alsoshow, however, thatothervariables,verysensitive to
anintrinsic transversemomentum,thatshouldbestronglyaffected,do not show any evidenceof that.

Thereareseveralpossiblewaysto implementthepresenceof anon-zerotransversemomentumof
thecolliding partons,andthechoiceis, to alargeextent,arbitrary. Weimplementedit in theFMNR code
in the following way. We call Õ��Öº��× ×�� the total transversemomentumof the pair. For eachevent, in
thelongitudinalcentre-of-massframeof theheavy-quarkpair, we boostthe × × systemto rest.Wethen
performa transverseboost,which givesthepair a transversemomentumequalto Õ��Öº��× ×®��f Õ� ÖØ��"
�¢fÕ� ÖØ��)
� ; Õ� Öº��"
� and Õ� Öº��)
� arethetransversemomentaof theincomingpartons,whicharechosenrandomly,
with their moduli distributedaccordingto

"Ù
Ú Ù
Ú � $ Ö &

"�-� $ Ö ¡ ¼*ÛºÜ � |
� $ Ö 
 �-� $ Ö ¡ � 6 (2)

Thereadercanfind moredetailsin ref. [12].

In fig. 14weshow theeffectof anintrinsic
�O 

generatedin thisway, with the(unphysicallylarge)
choice

�-� Ö ¡ &Ý4 GeV(in fig. 14, thesensitivity to the � � parameterin thefragmentationfunctionis also
shown; fragmentationwill bediscusedin moredetailin thenext subsection.)Weseethat,for �vÞ Y Ð  V¥)
#

Fig. 14: The � crosssectionat the Tevatron: the effect of a large intrinsic transversemomentum,and the sensitivity to the

fragmentationparameter� Ç .

GeV, the
�d 

effect is sizeable,evenin thepresenceof fragmentation,providedweallow for unphysically
largeintrinsic

�d 
.

It is fair to askwhethersuchlargevaluesarecompatiblewith otherobservables.Thereis aparticu-
lar classof observablesthatareparticularlysensitive to theintrinsictransversemomentum.Oneexample



is theazimuthaldistanceß�à betweenthedirectionsof theproduced� and � . The ß�à distribution is triv-
ial at leadingorder: � and Q � areemittedback-to-back,andthereforeÚ XÚ ß¹à5á

â ��à | g � 6 (3)

An intrinsic
�d 

of thecolliding partonshastheeffectof smearingthe
â

function.For
�-�d ¢¡ &54 GeVthe

effect is quitedramatic,ascanbeseenin fig. 15. Is suchanimportanteffectconsistentwith theobserved

Fig. 15: The � - u� azimuthalcorrelationat theTevatron: theeffect of a largeintrinsic transversemomentum,andthesensitivity

to thefragmentationparameter� Ç .

azimuthcorrelations?TheCDFandD0 collaborationshavemeasuredtheazimuthalcorrelationof muon
pairsproducedin � decays.In orderto comparewith thesedatasets,wehave implementedin theFMNR
codethesemileptonicdecayof � quarks.Wehaveassumedthatthemuonenergy is distributedaccording
to thepredictionof thespectatormodel[26] with masslessleptons.Wehavealsocheckedthatthemuon
energy distribution givenby PYTHIA leadsto similar results.Our resultsareshown in figs. 16 and17,
whereCDF and D0 dataare superimposedto the perturbative QCD prediction,with and without an
intrinsic

�O 
with

�-�O ¢¡ &ã4 GeV. Tevatrondatado not seemto favour sucha large intrinsic transverse
momentum.The measureddistributions aremorepeaked at ß¹à &äg than the theoreticalcurve with�-�d F¡ &>4 GeV. Theeffectof Petersonfragmentationis alsoshown in bothcases.Wethusconcludethat
thedatadoesnot seemto favour large

�d 
effects.

2.23 Single-incusivedistributionsandcorrelationsat theLHC

In thissubsection,wewill follow thepragmaticassumptionthatthediscrepancy observedat theTevatron
mayeitherbeattributedto aproblemin theoverall normalizationof thecrosssection,or to thepresence
of effects,eitherperturbative or not, thatdistort thespectrum.We will continueto modeltheseeffects
asfragmentationeffectsandintrinsic transversemomentumeffects,andseeif theLHC candistinguish
amongthetwo. In fig. 18weplot the � crosssectionwith a transversemomentumcut. Fromthefigureit
is quiteclearthat theeffectsof fragmentationandtheeffectsof anintrinsic transversemomentumkick
manifestthemselves in quite a differentway. In particular, at � � ­ )
# GeV even the effect of a very
large transversemomentumkick is small,while fragmentationhasa strongimpact. On theotherhand,
the transversemomentumkick increasesthe crosssectionin the intermediate� � region, with a maxi-
mumaround7 GeV. The � � coverageofferedby thecombinedLHC experimentswill allow aneffective



Fig. 16: CDF resultsonazimuthalcorrelationscomparedwith theperturbative calculation,with andwithout intrinsic � � .

Fig. 17: D0 resultson azimuthalcorrelationscomparedwith theperturbative calculation,with andwithout intrinsic � �

discriminationof the two kinds of effects. For completeness,we also show in fig. 19 a comparison
of thefixed-ordercalculationof thesingle-inclusive spectrum,usingthefixed-ordercalculationin two
differentschemesfor the light flavour, andthematched-resummedresult. As in theTevatroncase,the
bandobtainedwith the resummationprocedureis muchnarrower at large transversemomentum.The
correspondinguncertaintydoesnot includefragmentationfunctionuncertainties,thatwill bediscussed
in moredetailfurtheron.

As anexampleof whatcouldbediscriminatedat theLHC usingcorrelations,wepresentin fig. 20
theazimuthalcorrelationof themuonscomingfrom semileptonic

�
decays,usingtypical cutsthatare

implementedin the LHC experimentstriggersfor
�

studies. The curves are obtainedwith different
valuesof the � � parameterfor the fragmentationfunction, and with or without a very large intrinsic



Fig. 18: Crosssectionwith a transversemomentumcutat theLHC.

Fig. 19: Differentialcrosssectionfor � productionat theLHC. Thebandsareobtainedby varyingindependentlytherenormal-

izationandfactorizationscalesby a factorof 2 above andbelow thecentralvalue,which is the � transversemass.

transversemomentumfor the incomingpartons.As onecanexpect, the � � parameteraffectsonly the
total ratein this case,while theprimordial transversemomentumhasa considerableeffect on theshape
of thedistribution. This exampleshows that,even with very simpleexperimentalsetup,at theLHC it
will bepossibleto testimportantfeaturesof thedifferentialdistributions.

2.3 Fragmentation function formalism

In analogywith thecaseof charmproduction,theagreementbetweentheoryanddataimprovesif one
doesnot includeany fragmentationeffects.It is thennaturalto askwhetherthefragmentationfunctions
commonlyusedin thesecalculationsareappropriate.Following theLEP measurements,fragmentation
functionshave appearedto beharderthenpreviously thought.It will beinterestingto seewhetherSLD
new data[27] will helpin clarifying this issue.

Theeffect of a non-perturbative fragmentationfunctionon the �   spectrumis easilyquantifiedif



Fig. 20: Azimuthalcorrelationsin muonpairsat theLHC.

oneassumesasteeply-falling transversemomentumdistribution for theproduced� quarkÚ XÚ �   &¥å � PØæ  ( (4)

Thecorrespondingdistribution for thehadronis

Ú X�ç�è�éÚ �   &¥å p� PØæ  â �-�   |�ê p�
  ��ëì� ê �

Ú
ê
Ú p�   &¥å � PØæ  h

a
Ú
ê�ê æ?P

h ëí� ê � 6 (5)

Wecanseethatthehadronspectrumis proportionalto thequarkspectrumtimesthe C�î ç momentof the
fragmentationfunction ëí� ê � . Thus,thelargerthemoment,thelargertheenhancementof thespectrum.

In practice,thevalueof C will beslightly dependentupon�   . Wethusdefinea �   dependentC
value Ú k m
n�Xï�-�  §­ �Iðòñ î  �Ú k m
nÑ� ðóñ î  & | Cô�-� ðòñ î

  �ïf�" (6)

and

XIç�è�él�-�   ­ � ðòñ î  � & Xï�-�   ­ � ðòñ î  � Ì h
a
Ú
êIê æ `rõ*ö-÷ùø� c P h ëí� ê � 6 (7)

This givesan excellentapproximationto the effect of the fragmentationfunction,ascanbe seenfrom
fig. 21.

Sincethe secondmomentof the fragmentationfunction is well constrainedby MúNAMOP data,it is
sensibleto askfor whatshapesof the fragmentationfunction, for fixed

�
ê
¡
, onegetsthehighestvalue

for
�
ê æ?P h

¡
. Weconvincedourselvesthatthemaximumis achievedby thefunctionalform

ëì� ê � &¥å
â � ê ��f

� â ��" |�ê � (8)
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å f �ôû
�
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¡ & �
å f � 6 (9)



Fig. 21: Theeffect of a Petersonfragmentationfunctionof the inclusive � crosssection.The(red)dottedlinescorrespondto

theapproximationeq.(6), andarealmostindistinguishablefrom theexactresults.

This is however not very realistic: somehow, we expecta fragmentationfunctionwhich is concentrated
at high valuesof ê , andhasa tail at small ê . We convinced ourselves that, if we imposethe further
constraintthat ëì� ê � shouldbemonotonicallyincreasing,onegetsinsteadthefunctionalform

ëì� ê � &¥å f
� â ��" |�ê �l( (10)

whichgives �
ê
¡ & å 

)°f �å f � û �

ê æ?P
h ¡ & å 
*Cüf �å f � 6 (11)

Wecomputednumericallythe C�ý8þ momentsof thePetersonform,

ëí� ê � á
"

ê " | hÿ |
�h P ÿ $

(12)

of theform ëí� ê � á ê
� ��" |�ê �

�
(13)

for } & " (Kartvelishvili), for which

�
ê æ?P

h ¡ & � ���ìf5Cô� � ��� f§}Tf�)
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of theform of Collins andSpiller

ëí� ê � á
h P ÿÿ f ` $dP ÿ c �h P ÿ "±f ê $
" | hÿ |

�h P ÿ $
(15)

andof the form in eq. (10), at fixed valuesof
�
ê
¡

correspondingto the choices� � & # 6 #
#
) and # 6 #
#
B
in thePetersonform. We found that the �   distribution at the Tevatron,for �   in the range "
# to "
#
#
GeV, behaveslike � PØæ  , with C around5. Therefore,we presentin tables9 and10 valuesof the 4 î ç ,



Table9: Valuesof the � ø�� , Ë ø�� and � ø�� moment,at fixed ��� � (correspondingto � Ç�È
	
É 	�	
� in thePetersonform), for different

formsof thefragmentationfunction.�
ê
¡ & # 6 S 7
U C &>4 C &¥9 C & B

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 the � ø�� , Ë ø�� and � ø�� moment,atfixed ��� � (correspondingto � Ç�È�	�É 	�	 � in thepetersonform), for different

formsof thefragmentationfunction.�
ê
¡ & # 6 S
)
S C &>4 C &¥9 C & B

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

9 î ç and B î ç momentsof theabove-mentionedfragmentationfunctions. We thusfind that keepingthe
secondmomentfixedthevariationof thehadronic�   distribution obtainedby varyingtheshapeof the
fragmentationfunctionamongcommonlyusedmodelsis between5% and13%for bothvaluesof � � . It
thusseemsdifficult to enhancethetransversemomentumdistribution by suitablechoicesof theform of
thefragmentationfunction.With theextremechoiceof eq.(10),onegetsat mostavariationof 50%for
thelargestvalueof � � and C . It wouldbeinterestingto seeif suchanextremechoiceis compatiblewithM N M P fragmentationfunctionmeasurements.

3. A STUDY OF HEAVY QUARK NON-PERTURBATIVE FRAGMENTATION IN HERWIG 2

In thisSectionwepresenttheresultsof aphenomenologicalstudyof thenon-perturbative hadronization
of � -quarks.Accordingto the standardQCD picture,distributionsfor an observablehadron � canbe
computedby convoluting the short-distancecrosssection pXï�-��� with a fragmentationfunction ë ` þ c� � ê �thatdescribestheway in which theheavy quark � hadronizesinto � :

� X � �-��� & Ú
ê ë
` þ c� � ê �

� pX��-��
 ê � 6 (16)

Theprecisedefinitionof ë ` þ c� � ê � dependsonhow muchof theheavy quarkevolutionafterits production
is absorbedinto theperturbative part pXï�-��� , andhow muchis assignedto thenon-perturbative component

parameterisedby ë ` þ c� � ê � . Sinceperturbationtheory(PT) is well definedfor a massive quark,thestan-
dardprescriptionis to absorbinto pXï�-��� not only thehardmatrix elements,but alsotheperturbative part
of the fragmentationfunction,definedby theevolution in ×±$ down to a scaleequalto theheavy quark
mass� þ . ë ` þ c� � ê � will thereforeaccountfor the transitionof an“on-shell” quark � into thehadron� .

Theassumptionsbuilt into eq.(16) arethat ë ` þ c� � ê � dependsneitheron thetypeof hardprocess,nor on

thescaleatwhich � wasproduced.Undertheseassumptions,ë ` þ c� � ê � canbeextractedfrom datain one
givenreaction(typically, M N M P ), andeventuallyusedto predictthecrosssectionin someotherreaction
(�¢Q� , DIS andsoon).

2Sectioncoordinators:S.FrixioneandM.L. Mangano



QCDfactorizationtheoremsindicatethatthisuniversalityof ë ` þ c� � ê � holdsin theasymptoticlimit,
andupto correctionsof order� þ 

× , × beingthescaleof thehardprocess.Thesizeof thesecorrections
cannotbe calculated,today, in any rigorousway. A possibleapproachto this problemis to turn to
thephenomenologicalmodelsof hadronizationimplementedin QCD-basedparton-shower MonteCarlo
(PSMC)codes.In PSMCthefull final-statekinematicalconfigurationis availableatboththepartonand
hadronlevels. Therefore,it is possibleto “measure” ë ` þ c� � ê � usingeq. (16), both

� X � and
� pX being

known. In the presentsection,we carry out this programusing the PSMC HERWIG [28]. HERWIG
evolvesquarksaccordingto perturbative QCD down to small scales.The quarksarepairedup at the
endof theevolution into coloursingletclusters,which arethendecayedto thephysicalhadronsusing
phenomenologicaldistributions. The studyof the heavy quarkhadronisationprocessin HERWIG will
allow usto testtheuniversalityassumption,andto measurethesizeof possibledeviations.

We shouldstressthat, at this moment,our conclusionsare only relevant for the hadronization
model implementedin HERWIG; otherPSMC’s, which treatthe hadronizationprocessdifferently (for
example,by adoptingastringmodel),maywell leadto differentconclusions.

In order to preciselydefineour procedurefor extracting ë ` þ c� � ê � , we needto considerin more
detailstheway in which HERWIG generatesevents.Regardlessof thetypeof initial-stateparticles,we
candistinguishthefollowing steps.
% Hard subprocess:at this stage,thePSMCgeneratesthekinematicsfor thebasic ) y ) hardreac-

tion. Wedenotethemomentumof the � -quark(or antiquark)as�ºþ������� .% Parton shower: the partonsresultingfrom the hardsubprocessundergo successive branchings,
until their virtuality is smallerthana fixedcutoff value.We denotethemomentumof the � -quark
at theendof thisphaseas� õ��� .% Gluonsplittingandclusterformation: thegluonspresentat theendof theshoweraredecayedinto
light-quarkpairs. Colour-singlet, two-bodyclustersareformed,accordingto colour parenthood
and closenessin the phase-space.If thereexist one or more clusterwhosemassis too large
(relative to agiventhreshold),partof theclusterrestenergy is transformedinto new \ Q\ pairs,and
new clustersaredefined. In this process,energy-momentumis redistributed amongthe cluster
elements,andthe momentumof the � -quarkcanthereforebe modifiedwith respectto � õ��� . The

momentumof the � quarkaftercompletionof theclusteringprocesswill bedenotedby � ��� �ùõ� .% Clusterdecayandhadron formation: theclustersdecayinto observablehadrons,accordingto the
flavourandto tabulatedmassspectra.Wethereforeobtain � -flavouredhadrons,whosemomentum
we denoteas��� .

The hardsubprocessandpartonshower stagesarebasedon perturbative QCD. Thus,we identify the
predictionsgiven by HERWIG at the endof the partonshower with thecrosssection pX that appearsin
eq.(16). On theotherhand,thegluonsplitting andclusterdecaystagesdo not containQCD informa-
tion, asthey areperformedaccordingto a phenomenologicalmodel.The , y \ Q\ splitting andthedecay
kinematicsareinducedby simplephase-spaceconsiderations.Wethusidentify thesestagesasthelong-
distance,nonperturbative partof theprocess,which givesrise to ë ` þ c� � ê � . We thereforedeterminethe
fragmentationfunctionby comparingtheresultsfor � õ��� and� � , defining,onanevent-by-eventbasis,the
following variables:

ê h &
Õ��� ��Õ� õ���
Õ� õ��� $ ( ê $ &

! � f Õ��� ��p� õ���! õ��� f Õ� õ��� ( (17)

where p� õ��� & Õ� õ��� 
 Õ� õ��� . Our conclusionswill apply to both ê h and ê $ ; thus, we will collectively
denotethemby ê . In hadroniccollisions,themomentaandenergieshave to besubstitutedby transverse
momentaandtransverseenergiesrespectively. Our resultsaresummarizedin table11; we consideredMONAMúP collisionsat < = &ôU " 6 ) GeV and�¢Q� collisionsat < = & " 6 S TeV. In thetable,we presentfour of



Table11: NormalizedMellin momentsof the � -quarknon-perturbative fragmentationfunction. Resultsaregivenfor thecase

of "$#%"%& collisionsat ' Ä È)(�*�É+� GeV andfor µ uµ collisionsat ' Ä È,*�É+- TeV. All numbershave a statisticalaccuracy of. 	�É 	%* . M N M P �¢Q�� h � $ � � � H � h � $ � � � HÕ� õ��� V 9 GeV 0.87 0.78 0.71 0.66 0.95 0.94 0.94 0.96"
#�V Õ� õ��� Vo" 9 GeV 0.92 0.85 0.80 0.76 0.85 0.74 0.66 0.60)
#�V Õ� õ��� Vo) 9 GeV 0.92 0.86 0.81 0.76 0.83 0.71 0.63 0.57R
#�V Õ� õ��� VoR 9 GeV 0.92 0.85 0.80 0.75 0.82 0.70 0.62 0.56

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

� Ð & Ú
ê¢ê Ð ë

` þ c� � ê �
Ú
ê ë
` þ c� � ê � 6 (18)

Usually, #ìÒ ê Ò " . In thepresentcase,aswe will see,we canalsohave ê
­ " ; thus,in eq.(18) the

rangeof integrationcoincidewith thesupportof ë ` þ c� � ê � . The Mellin momentsappearingin table11
havebeenevaluatedby consideringbinsin Õ� õ��� (in thecaseof hadroniccollisions,themomentumis the
transverseone).In M N M P collisionslarger(smaller)valuesof Õ� õ��� correspondto less(more)energy lost
to gluons.In hadroniccollisionslarger (smaller)valuesof Õ� õ��� aremorelikely to correspondto larger

(smaller)valuesof thehardprocessmomentumbeforeevolution. In eithercase,dependenceof ë ` þ c� � ê �on Õ� õ��� signalsthereforeadeparturefrom universality.

By inspectionof the table,we seethat ë ` þ c� � ê � is scale-independentto a very goodextent (the
situationappearsto beslightly betterin thecaseof M N M P collisions),exceptfor thevery low � õ��� region;
this is whatwe shouldexpect,sincein that region the factorizationtheoremon which eq.(16) is based
is boundto fail. On theotherhand,thereseemsto emergea cleardifferencebetweenthefragmentation
functionsextractedfrom M N M P and ��Q� “data”, the latterbeingsubstantiallysofterthanthe former. The
first moment,which is the averagevalueof the fragmentationvariable,changesby about10%. This
variationcanchangetherateof predicted� -hadronsin hadroniccollisionsby almost50%.

Thissuggeststhattransportingto hadroniccollisionsthenon-perturbative fragmentationfunctions
obtainedby fitting M N M P datamaynot becorrect.Of course,a muchmoredetailedinvestigationon the
subjectis requiredbeforereachinga firm conclusion;however, this simpleexerciseof oursshows that
universalityshouldnotbetakenfor granted.

We now concentrateon the separaterole playedin the fragmentationprocessby thepurely per-
turbative evolution andby the non-perturbative gluon-splittingphase,beforetheclusterformationand
decaytakeplace.Weshallconfineourselvesto thecaseof M N M P collisions.Thevariablesrelevantto our
studyarethefollowing:

1. Energy fractionretainedduring theperturbative evolution:

ê õ�� &
) Õ� õ���
< = & Õ� õ���Õ� þ������� ( (19)

where < = is the M N M P CM energy.

2. Energy fractionretainedduring thegluon-splitting:

ê ��� �+õ &
Õ� ��� �+õ�
Õ� õ���

6 (20)



Fig. 22: Fragmentationfunctionsfor � (left) and/ (right) quarks,producedin "0#%"
& collisionsat ' ��È1(�*�É+� GeV.

3. Energy fractionleft after theperturbative evolution andthegluon-splitting:

ê & ê õ�� Ì ê ��� �+õ &
) Õ� ��� �+õ�
< = & Õ� ��� �+õ�

Õ� þ0������ ( (21)

The left panelin fig. 22 shows thethreedistributionsfor � quarksat < = &¯U " 6 ) GeV. Thesolid
histogramrepresentsthedistribution of ê õ�� . Thedistribution hastheshapeof a Gribov-Lipatov, with no
indicationof aSudakov turn-over at large ê õ�� . Thedottedline is thedistribution in ê . A strongdeforma-
tion of thepurelyperturbative curve is clearlyseen.Thedashedline correspondsto the ê ��� �+õ distribution.
This is partof what theMC treatsasa non-perturbative componentof the fragmentationprocess.The
peakof thedashedhistogramat ê ��� �ùõ & " correspondsto eventswheretheclustercontainingtheheavy
quarkdoesnot needto befurthersplit, while thetail correspondsto eventswherethe invariantmassof
theheavy-quarkclusteris toolarge,andadditionallight-quarkpairshaveto beproducedby hand.Notice
thatalmostasmuchenergy is lost during this non-perturbative phase,asis lost during theperturbative
evolution.

For comparison,we show thesamesetof curvesfor theevolution of thecharmquark(right panel
of fig. 22). Notice that while the effect of the perturbative evolution is to softenthe quarkspectrum
relative to the � -quarkcase,theamountof energy lost dueto gluonsplitting is similar (

�
ê
2��� �+õ ¡ & # 6 S
) ,

asopposedto
�
ê ���� �+õ

¡ & # 6 S 9 ). This is bizarre,sinceoneexpectsthenon-perturbative part to scalewith"

�� þ . Thesameresultis foundfor thefragmentationof the q quark(left panelof fig. 23). Here
�
ê ���� �+õ

¡
is # 6 S
" . Again,aviolationof theexpected"

�� þ scaling.

Thingsimprove for the top quark,whosedistributions for < = & ) TeV areshown on the right
panelof fig. 23. The gluon-splittingpart hasonly a minor impacton the overall spectrumof the top
quark.

We area bit botheredby thedominantrole playedby thegluon-splittingphase.By comparison,
thenext stepin theevolution, namelytheclusterformationanddecay, playsonly a minor role, aswill
be shown next. We would have anticipatedthat the clusterformation anddecayshouldbe the place
wheremostof the non-perturbative physicsshouldshow up. This suggeststhat the thresholdsfor the
perturbative evolution in the MC shold be lowered,so that the impact of the non-perturbative gluon
splitting phaseis reduced,andpurelyperturbative Sudakov effectscanmanifestthemselves.

We now turn againto thenon-perturbative partof the fragmentationfunction. Themoststriking
feature,that cannotbe inferred from the simplestudy of Mellin momentsas donein table11, is the
presenceof adoublepeakin thehigh-ê region (seetheleft panelof fig. 24). A first peak(whichwe will
call peakA) is seenat ê valuesaround0.97.A secondpeak(peakB) is at ê & " 6 #
" (wehavea ê -bin size



Fig. 23: Fragmentationfunctionsfor � (left) and 3 (right) quarks,producedin "0#%"%& collisionsat ' �ÑÈ4(�*�É+� (left) and2000

(right) GeV.

Fig. 24: � -mesonnon-perturbative fragmentationfunction in "0#%"%& at ' Ä È5(�*�É+� GeV, for 30 GeV65798µ Ç 7:6 35 GeV.

CLDIR=1, CLSMR=0.Seethetext for details.

of # 6 #
) . Weverifiedthattheeventscontributing to thepeakB donothave ê & " f � , i.e., thepeakis not
dueto a roundoff error).Thelatterpeakis higherthantheformer.

The origin of this doublepeakcanbe tracedbackto the following facts. First, the momentum
of the emitted

�
mesonis very strongly correlatedwith the momentumof the � quark which enters

thecluster. Therefore,the ê distribution closelyreflectsthemassspectrumof the light hadronemitted,
togetherwith the

�
meson,in the clusterdecay. Second,the peakB is almostentirely dueto events

wheretheclusterdecayinto
� f g : at this peak,ê

­ " becausethemassof thepion is lighter thanthe
massof thelightestquarksin HERWIG. More in detail,we have observedthefollowing facts.
% The structureof the doublepeakis strongly influencedby the valuetaken by the two input pa-

rametersCLDIR andCLSMR . If thedefault is used(CLDIR=1 , CLSMR=0), thedoublepeak
is observed (seethe plot on the left of fig.24). On the otherhand,by settingCLSMR ;& 0, the êdistributionsdisplaya singlepeak(broaderthat theprevious ones)at about ê & # 68U
7 . For small
CLSMR valuesand large � momenta,a secondpeakat ê & " 6 #
" tendsto re-appear, although
smallerthanobservedbefore.% Thedoublepeakdisappearsalsoif onechoosesCLDIR=0 , asin olderHERWIG versions.In this
case,the ê distributionspeakat about ê & # 68U , this peakbeingmuchbroaderthat thoseobtained



with CLDIR=1 , regardlessof thevalueof CLSMR .% We thensetCLDIR=1 andCLSMR=0. For any given
�

meson,we lookedfor theparentcluster< &>= ��?3\%@ , andfor the parentbottomquark, ��A (theparentquarkis definedasin the HERWIG
routineHWCHAD ). Weobservedwhatfollows.

– Plotting the ê distributions for the eventswith Õ�v��BC;& Õ�v��D (i.e. eventswherethe original
clusterwassplit), weseeasinglepeak,at thesameê valueasfor thepeakA (solid line, plot
on theright of fig.24).

– The ê distributions for eventssuchthat Õ�º��B & Õ�v��D displayagaina doublepeak. The two
peaksareat thesameê valuesaspeaksA andB, thelatteronebeingby fardominant.

– Selectingonly eventswith Õ�v� B & Õ�v� D , wefoundthatthepeakatthepositionof B corresponds
to thoseclustersdecayinginto a

�
mesonanda g , while the peakat the positionof A is

relevant for all theothertwo-bodydecays(dottedanddashedlinesrespectively, plot on the
right of fig.24).

Overall,noticealsothattheamountof energy retainedafterthegluon-splittingphaseis of thesamesize
asthat retainedat theendof thefull hadronizationprocess,indicatingthatclusterformationanddecay
have aminor impacton thetotalamountof energy lostduringthenon-perturbative partof theevolution.

We werealsoableto reproducethepreviousfindingswith a very simplemodel.Givena momen-
tum for a quark � , we generaterandomlythemomentumfor a light quark \ , to becombinedwith � into
a cluster, which eventuallydecaysinto a

�
mesonanda particleof givenmass�EA . Themomentumof

thequark \ is allowedto have a (small) transversemomentumwith respectto thedirectionof thequark� . After evaluatingtheclustermass,we performedthedecayin therestframeof thecluster, eitherin a
isotropicmanner(thusmimicking thechoiceCLDIR=0 ), or by letting themomentumof themeson

�
to beparallelto thatof thequark � (whichcorrespondsto CLDIR=1 andCLSMR=0). In thelattercase,
dependinguponthevalueof �EA , wegotapeakfor ê V¥" (if �EA ­ � x ) or ê

­ " (if �EA>V>� x ).
In conclusion,the ê distributionswefind whenusingHERWIG seemnotto containalot of dynam-

ical information,themostimportantfeaturesbeingthoseimplementedin thecluster-decayroutine.If the
decayis notsmearedout(CLDIR=0 ), wegetastructurewhich is verydifficult to reconcilewith theidea
of fragmentationwehave from QCD.After smearing,thedistribution still hasa ê

­ " tail whichwill be
extremelydifficult to fit with a functionvanishingfor ê y " . This problemis relatedto thefact that the
massof thelightestquarksin theMC is 320MeV, thatis muchlargerthanthepionmass.Weperformed
a testby reducingthelight quarkmassesto 20 MeV, andincreasingtheshower cutoff VQCUT in such
a way asto maintainthedefault valueof theeffective infraredthreshold.Thedoublepeakstructure,as
expected,disappeared.It remainsto beseen,however, whethersucha smallvalueof thequarkmasses
is, moregenerally, acceptable.

4. A STUDY OF THE � � PRODUCTION MECHANISM IN PHYTIA 3

4.1 Intr oduction

In this section,we presenta studyon � � productionperformedwithin theCMS collaborationusingthe
MonteCarlopackagePYTHIA 5.75asaneventgenerator. In particular, we investigatethe influenceof
thecut-off on thehardinteractiontransversemomentum p� ý on theproductionof � � events.

In MonteCarloprograms,� � pairsin hadroncollisionsareproducedby themechanismsof gluon
fusion,gluonsplittingandflavourexcitation.All of themgivecontributionsof thesameorderto thetotal
crosssection,but they give riseto differentkinematicalconfigurationsof thefinal state.

Therearetwo waysto generate� � eventsin PYTHIA:% Usinga steeringcardMSEL=5,a gluonfusionmechanism(,�, y � � ) is mainly simulated.Each
eventcontainsat leastone � � pair.

3Sectioncoordinators:S.Gennai,A. Starodumov, F. Palla,R. Dell’Orso



% UsingMSEL=1,all QCD ) y ) processesaresimulated.In thiscase,all productionmechanisms
contribute to the � � production,but theprobabilityto find a � � pair in theeventis lessthan1F .

About onemillion eventshave beensimulatedin CMS with MSEL=1, in orderto have a samplewith
all � � productionmechanismsanddefault PYTHIAcut-off, not to introduceany biasin the kinematics.
Theselectionefficiency of triggeredeventsoutof thissampleis quitelow. In orderto havehighersignal
statistics,in somecasesonecanusekinematicalcutswhicharedifferentfrom thePYTHIAdefault. [29].

4.2 � � production

Two sampleshavebeenpreparedto investigatetheinfluenceof the p� ý cuton theproductionof � � events.
Bothof themhave beengeneratedusingMSEL=1andcontaineventswith only one � � pair. Only events
with p� ý ¦ "
# GeVhavebeenselectedin thesamples.Thefirst sample(SAMPLEA) hasbeengenerated
with thedefault p� ý cut of 1 GeV andonly eventswith p� ý ¦ "
# GeV wereselected.Thesecondsample
(SAMPLEB) hasbeengeneratedwith p� ý ¦ "
# GeV. In bothsamplesthefollowing processescontribute:

,�, y \ \ (22)

,�\�Y y ,�\�Y (23)

,�, y ,�, 6 (24)

� � pair is producedby gluon splitting , y � � in initial or final stateshower evolution (processes(22)
to (24)) or in thehardinteraction(process(22)). For bothsamplesA andB, we have computedthe � �
productioncrosssection

X ýHG+ý� � &
Ù � �Ù ýHG0ý X ýHG0ý ( (25)

where
Ù � � is thenumberof � � eventswith p� ý ¦ "
# GeV,

Ù ýHG0ý is the total numberof generatedevents,
and XlýHG0ý is thetotal crosssection(givenby PYTHIA). Wefind that% for sampleA, X ýHG0ý� � & " 9 # � b. The gluon fusion contribution is about20 � b, while the gluon

splitting contributionsare
Ô R
# � b and

Ô "
#
# � b for processes(23)and(24) respectively;% for sampleB, XlýHG0ý� � =257 � b. Gluonfusionandgluonsplitting contributionsareat thesamelevel as
in sampleA. In this case,however, therearealsocontributionsfrom theprocesses�ù, y �ù, and��\ y ��\ of about110 � b. In thefollowing we will call thesecontributionsflavour excitation.

Figure25 illustratesthedifferencein the � � productioncrosssectionsdueto theadditionalcontribution
of the flavour excitation mechanismin sampleB. The effect hasthe following explanation. Whenthe
default p� ý cut-off is used,PYTHIA generatesprocessesin the low energy approximation,i.e. thereare
no heavy quarksinsidethepartondistribution. This approachchangesif oneusesa different p� ý cut-off:
thepartondistributionsin this caseincludealso � and I quarks.As aconsequence,samplesA andB are
differentin two respects:valuesof thecrosssections,andsetof productionmechanisms.Thedifference
in thecrosssectionis not very important,becausetheresultsareusuallynormalizedto thetotal � � cross
sectionof 500 � b. On theotherhand,thedifferentproductionmechanismscould be moredangerous,
asthey canleadto differentkinematicaldistributions,andthereforeaffect the efficienciesof physical
selection.

4.3 Kinematics

Themainkinematicalparameterswhichdefinethesignatureof � � eventarethetransversemomentaand
pseudorapiditiesof the � quarks,andtheangulardistanceß�à betweentheir directionsin thetransverse
plane.Thefirst two parametershavesimilardistributionsin bothsamples.The ß¹à distribution is shown
in fig. 26for thethreedifferentmechanisms.For whatconcernsgluonsplitting,thedistribution is slightly
peakedat small ß�à . Theanglebetweenthetwo � -quarksproducedby thegluon-fusionmechanismhas
a peakat ß¹à Ô g , asexpected,sincein theprocess,I, y � � theb-quarksareproducedback-to-backin



Fig. 25: Crosssectionwith the two differentcut-off on JKML . Thesolid line is with thedefault cut-off (1 GeV). Thepictureis

obtainedwith PYTHIA 5.75.

the transverseplane.The lastdistribution correspondsto theflavour excitationproductionmechanism,
for which the back-to-backtopology is preferred. We canconcludethat the total NPO distributions of
sampleA andsampleB areslightly different.Somecareshouldbetakenaboutthis,asit couldaffect the
estimatedefficiency of selectioncuts.

4.4 PYTHIA 6.125

We have studiedthesameproblemusingthenew 6.125versionPYTHIA. We have generatedtwo new
samplesA andB with PYTHIA 6.125,andwe have foundthefollowing results:Q SampleA: the R R productioncrosssectionis SUTHV�TW W =230 X b. Gluonfusioncontributes Y 50 X b and

gluonsplitting gives40 X b and140 X b via processes(23) and(24) respectively.Q SampleB: R R productioncrosssectionis S THV�TW W =210X b,whichis similar to thevalueof sampleA. In
this case,however, gluonfusionandgluonsplitting contributionsaredecreasedby abouta factor
2. Thecontribution from theflavour excitationis about100 X b.

Even if the total crosssectionis in goodagreementbetweenthe two samples,it is clear that the way
PYTHIA 6.125 generatesR R pairs dependson the Z[ T cut-off. Contrary to PYTHIA 5.75, in the new
versiongluonsplitting andfusioncontributionsaredifferentin thetwo samples.
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Fig. 26: Angle betweenthetwo \ quarksin the transverseplane:theupperoneis gluonsplitting, themiddle is gluon fusion,

thelastis relatedto flavourexcitation. In theplotsthevaluesarenotnormalized.

4.5 Inter pretation

Many of thefeaturesof PYTHIA illustratedin thissectionareeasilyexplained4. It turnsout thatPYTHIA

treatsdifferently processseswith a low and high ]^`_ba+cd . The limit is relatedto the scaleof multiple
interactions,whichis fixedto 2 GeVin theolderversions,andwasmadeenergy dependentin PYTHIA 6,
being3.2GeV at theLHC energy. When ]^`_ba+cd is above thisscale,thehardprocessis selectedaccording
to conventionalmatrixelements.Below thisscale,thehardestinteractionis insteadtakenfrom thenaive
jet crosssectionmultiplied by a “Sudakov style” form factor, that representstheprobability thathigher^ d interactionsdid not take placein therestof theevent. Sincethis procedureimpliesthecomputation
of all parton-partonscatteringprocesses,the choicewasmadeto exclude from it the incoming e andf components,to save time in the computation.This featureis no longerconsideredusefulin modern
times, the computersbeingmuch faster. Thus, in PYTHIA 6.138,also the e and f processeswill be

4T. SjöstrandandE. Norrbin,privatecommunication.



implementedin thelow �   mode.

Thedifferencein the total crosssectionin PYTHIA 5.7 and6.1 have a physicalorigin, since6.1
usesnewer partondistributionsthat,accordingto HERA data,aremoresingularin thesmall @ region.

As of now, noexplanationis givenwhy gluonfusionandgluonsplittingcontributionsshoulddrop
by a factorof 2 whengoingfrom sampleA to B in PYTHIA 6.125;furtherstudieswill berequired.

Theauthorsof PYTHIA recommendthefollowing procedurefor thegenerationof � events.Parton
fusionandflavour excitationcanbegeneratedseparately;therelevantmassive matrixelementsareused
for partonfusion,andonecangoto thelimit �   y # with thisprocess.Gluonsplittingcannotbegenerated
separately:all hardprocessesmustbe generated,excluding partonfusion andflavour excitation, and
oneshouldlook for theheavy flavour. Multiple interactionsarethereswitchedoff, in orderto avoid a
double-countingof thejet crosssection.This is adequatefor thestudyof the � productionproperties,but
clearlydoesnot fully representthestructureof theunderlyingevent. In futurePYTHIA versions,when
flavourexcitationis includedin theminimumbiasmachinerywith multiple interaction,this lattershould
offer an almostequivalentalternative, but still without the correctmasstreatmentof the partonfusion
processnearthreshold.Otherlimitationsstill remainfrom complex problemsrelatedto thetreatmentof
beamremnants;therefore,flavour excitation is only enabledfor thehardestinteractionin themultiple-
interactionscenario.

A sampleof commentedcodeis includedbelow. By usingdifferentflags(MEKIND=0,1,2)three
sampleswill begenerated:partonfusion,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

HQMASS=PMAS(MASSIV E, 1)
C... Choose the kind of heavy quark production:
C... MEKIND is 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/2



C.... Loop over incoming partons
DO ISIDE=1,2

IF (MEKIND/=1.AND. IS ID E==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 IV E) =1

END IF
DO IEV=1,NEVENTS

C... Generate an event
CALL PYEVNT

C... For gluon splitting, remove events with HQ in the hard interaction
C... to avoid double counting:

IF (MEKIND==2) THEN
DO I=5,8

IF (ABS(K(I,2))==M ASSIV 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. IS ID E==1) THEN
DO IKF=-40,40

KFIN(ISIDE,IKF)= KFIN TMP(I KF)
END DO

END IF
100 END DO

5. ASYMMETRIES 5

5.1 Intr oduction

Sizeableleadingparticleasymmetriesbetweene.g. g P and g N have beenobserved in several fixed
targetexperiments[30]. It is of interestto investigateto whatextentthesephenomenatranslateto bottom
productionandhigherenergies. No previousexperimenthasobservedasymmetriesfor bottomhadrons
dueto limited statisticsor otherexperimentalobstacles.Bottomasymmetriesarein generalexpectedto
besmallerthanfor charmbecauseof thelargerbottommass,but thereis no reasonwhy they shouldbe
absent.In thefixedtargetexperimentHERA-B, bottomasymmetriescouldvery well belarge[31] even
at centralrapidities,but theconclusionof thepresentstudyis thatasymmetriesat theLHC arelikely to
besmall. In thefollowing we studypossibleasymmetriesbetweenh and h hadronsat theLHC within
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theLundstringfragmentationmodel[32] andtheintrinsic heavy quarkmodel[33].

In thestringfragmentationmodel[34], theperturbatively producedheavy quarksarecolourcon-
nectedto the beamremnants. This gives rise to beam-drageffects wherethe heavy hadroncan be
producedat larger rapiditiesthantheheavy quark. Theextremecasein this directionis thecollapseof
a small string, containinga heavy quarkanda light beamremnantvalencequarkof theproton,into a
singlehadron.This givesrise to flavour correlationswhich areobserved asasymmetries.Thus,in the
stringmodel,therecanbecoalescencebetweenaperturbatively producedbottomquarkandalight quark
in thebeamremnantproducinga leadingbottomhadron.

Thereis also the possibility to have coalescencebetweenthe light valencequarksand bottom
quarksalreadypresentin the proton,becausethe wave function of the protoncanfluctuateinto Fock
configurationscontaininga i i pair, suchas £ jkj � i i ¡ . In thesestates,two or moregluonsareattached
to thebottomquarks,reducingtheamplitudeby ����� $l � relative to partonfusion[35]. Thelongest-lived
fluctuationsin stateswith invariantmassC have a lifetime of ����)
�nmbèpo 
*C´$�� in the target rest frame,
where �nmbèpo is the projectilemomenta.Sincethe comoving bottomandvalencequarkshave the same
rapidity in thesestates,theheavy quarkscarrya largefractionof theprojectilemomentumandcanthus
readily combineto producebottomhadronswith large longitudinalmomenta.Sucha mechanismcan
thendominatethe hadroproductionrateat large @ � . This is theunderlyingassumptionof the intrinsic
heavy quarkmodel[33], in whichthewave functionfluctuationsareinitially faroff shell.However, they
materializeasheavy hadronswhenlight spectatorquarksin the projectileFock stateinteractwith the
target[36].

In bothmodelsthecoalescenceprobabilityis largestatsmallrelative rapidityandratherlow trans-
versemomentumwheretheinvariantmassof the qsr systemis small,enhancingthebindingamplitude.
Oneexceptionis at very large tvu , wherethecollapseof a scatteredvalencequarkwith a w quarkfrom
thepartonshower is alsopossible,giving a further(small)sourceof leadingparticleasymmetriesin the
stringmodel.

5.2 Lund String Fragmentation

Beforedescribingthe Lund string fragmentationmodel,somewordson the perturbative heavy quark
productionmechanismsincludedin theMonteCarloeventgeneratorPYTHIA[37] usedin thisstudyis in
order. We study xyx eventswith onehardinteractionbecauseeventswith no hardinteractionarenot ex-
pectedto produceheavy flavoursandeventswith morethanonehardinteraction— multiple interactions
— arebeyondthescopeof this initial studyandpresumablywouldnot influencetheasymmetries.After
thehardinteractionis generated,partonshowersareadded,bothto theinitial (ISR)andfinal (FSR)state.
Thebranchingsin theshower aretaken to beof lower virtualities thanthehardinteractionintroducing
a virtuality (or time) orderingin theevent. This approachgivesrise to severalheavy quarkproduction
mechanisms,which we will call pair creation, flavour excitation andgluon splitting. The namesmay
besomewhatmisleadingsinceall threeclassescreatepairsat zv{,| | vertices,but it is in line with the
colloquialnomenclature.Thethreeclassesarecharacterizedasfollows.
Pair creation Thehardsubprocessis oneof thetwo LO partonfusionprocessesz
zn{)| | or r r�{}| | .

Partonshowersdo not modify the productioncrosssections,but only shift kinematics. For in-
stance,in the LO description,the | and | have to emerge back-to-backin azimuthin order to
conserve momentum,while the partonshower allows a net recoil to be taken by oneor several
furtherpartons.

Flavour excitation A heavy flavour from the partondistribution of onebeamparticle is put on mass
shell by scatteringagainsta partonof theotherbeam,i.e. |sr~{�|sr or |�zn{}|:z . Whenthe | is
not a valenceflavour, it mustcomefrom a branchingzn{)| | of theparton-distribution evolution.
In mostcurrentsetsof parton-distribution functions,heavy-flavour distributions areassumedto
vanishfor virtuality scales�������1� � . Thehardscatteringmustthereforehave a virtuality above

� � � . Whenthe initial-stateshower is reconstructedbackwards[38], the zn{)| | branchingwill



be encountered,provided that ��� , the lower cutoff of the shower, obeys ���� ���1� � . Effectively

the processesthereforebecomeat least zyr�{}| |sr or z
zn{,| |:z , with the possibility of further
emissions.In principle, suchfinal statescould alsobe obtainedin the above pair-creationcase,
but therequirementthat thehardscatteringmustbemorevirtual thantheshowersavoidsdouble
counting.

Gluon splitting A zn{}| | branchingoccursin theinitial- or final-stateshowerbut noheavy flavoursare
producedin thehardscattering.Herethedominant| | sourceis gluonsin thefinal-stateshowers
sincetime-like gluonsemittedin the initial statearerestrictedto a smallermaximumvirtuality.
Exceptat high energies,mostinitial stategluonsplittingsinsteadresult in flavour excitation,al-
readycoveredabove. An ambiguityof terminologyexistswith initial-stateevolutionchainswhere
a gluonfirst branchesto | | andthe | lateremitsanothergluon thatentersthehardscattering.
From an ideologicalpoint of view, this is flavour excitation, sinceit is relatedto the evolution
of the heavy-flavour partondistribution. From a practicalpoint of view, however, we chooseto
classifyit asgluonsplitting,sincethehardscatteringdoesnot containany heavy flavours.
In summary, thethreeclassesabovearethencharacterizedby having 2, 1 or 0, respectively, heavy

flavoursin thefinal stateof theLO hardsubprocess.Anotherway to proceedis to addnext-to-leading
order(NLO) perturbative processes,i.e the ���p�y���� correctionsto thepartonfusion[3] [4]. However, with
our currentlyavailablesetof calculationaltools, theNLO approachis not so well suitedfor exclusive
MonteCarlostudieswherehadronizationis addedto thepartonicpicture.

Flavour excitationandgluonsplitting give significantcontributionsto thetotal b crosssectionat
LHC energiesandthusmustbe consideredwhenthis is of interest,seethe following. However, NLO
calculationsprobablydo a betterjob on the total b crosssectionitself (while, for the lighter � quark,
productionin partonshowersis solargethattheNLO crosssectionsaremorequestionable).Theshapes
of singleheavy quarkspectraarenot alteredasmuchasthecorrelationsbetween| and | whenextra
productionchannelsare added. Similar observationshave beenmadewhen comparingNLO to LO
calculations[3] [5]. Likewise,asymmetriesbetweensingleheavy quarksarealsonot changedmuchby
addingfurtherproductionchannels,sofor simplicity we consideronly thepair creationprocesshere.

After aneventhasbeengeneratedat thepartonlevel we addfragmentationto obtaina hadronic
final state.WeusetheLundstringfragmentationmodel.Its effectson charmproductionweredescribed
in [32]. Herewe only summarizethemainpoints.

In the string model,confinementis implementedby spanningstringsbetweentheoutgoingpar-
tons. Thesestringscorrespondto a Lorentz-invariantdescriptionof a linearconfinementpotentialwith
stringtension�E��� GeV/fm. Eachstringpiecehasa colourchargeat oneendandits anticolourat the
other. Thedoublecolourchargeof thegluoncorrespondsto it beingattachedto two stringpieces,while
a quarkis only attachedto one. A diquarkis consideredasbeingin a colourantitriplet representation,
andthusbehaves(in this respect)like anantiquark.Theneachstringcontainsa colourtriplet endpoint,
a number(possiblyzero)of intermediategluonsanda colour antitriplet end. An event will normally
containseveral separatestrings,especiallyat high energieswhere zn{}r r splittingsoccurfrequentlyin
thepartonshower.

Thestringtopologycanbederivedfrom thecolourflow of thehardprocesswith someambiguity
arisingfrom colour-suppressedterms.Considere.g. theLO processz
zn{�w w wheretwo distinctcolour
topologiesarepossible.Representingtheprotonremnantby a � quarkanda ��� diquark(alternatively
� plus �k� ), onepossibility is to have the threestrings w –��� , w –� and � –��� , fig. 27, and the other is
identicalexceptthe w is insteadconnectedto the ��� diquarkof theotherprotonbecausetheinitial state
is symmetric.

Oncethe string topology hasbeendetermined,the Lund string fragmentationmodel [34] can
be appliedto describethe nonperturbative hadronization.To first approximation,we assumethat the
hadronizationof eachcolour singletsubsystem,i.e. string, canbe consideredseparatelyfrom that of
all the other subsystems.Presupposingthat the fragmentationmechanismis universal, i.e. process-
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Fig. 27: Exampleof a stringconfigurationin a ��� collision. (a) Graphof theprocess,with bracketsdenotingthefinal colour

singletsubsystems.(b) Correspondingmomentumspacepicture,with dashedlinesdenotingthestrings.

independent,the good descriptionof �� n��¡ annihilationdatashouldcarry over. The main difference
between�   � ¡ and hadron–hadroneventsis that the latter containbeamremnantswhich are colour-
connectedwith thehard-scatteringpartons.

Dependingon the invariantmassof a string, practicalconsiderationsleadus to distinguishthe
following threehadronizationprescriptions:

Normal string fragmentation In the ideal situation,eachstring hasa large invariantmass.Thenthe
standarditerative fragmentationscheme,for which theassumptionof acontinuumof phase-space
statesis essential,works well. The averagemultiplicity of hadronsproducedfrom a string in-
creaseslinearly with the string ‘length’, which meanslogarithmicallywith the string mass. In
practice,this approachcanbeusedfor all stringsabove somecutoff massof a few GeV.

Cluster decay If a string is producedwith a small invariantmass,perhapsonly a singletwo-bodyfinal
stateis kinematicallyaccessible.In thiscasethestandarditerative Lundschemeis notapplicable.
We call sucha low-massstring a clusterandconsiderits decayseparately. Whenkinematically
possible,a | –r clusterwill decayinto oneheavy andone light hadronby the productionof a
light r r pair in thecolourforcefield betweenthetwo clusterendpointswith thenew quarkflavour
selectedaccordingto thesamerulesasin normalstring fragmentation.The r clusterendor the
new r r pair may alsodenotea diquark. In the latestversionof PYTHIA, anisotropicdecayof a
clusterhasbeenintroduced,wherethe massdependenceof the anisotropy hasbeenmatchedto
stringfragmentation.

Cluster collapse This is the extremecaseof clusterdecay, wherethe string massis so small that the
clustercannotdecayinto two hadrons.It is thenassumedto collapsedirectly into a singlehadron
whichinheritstheflavourcontentsof thestringendpoints.Theoriginalcontinuumof string/cluster
massesis replacedby a discretesetof hadronmasses,mainly ¢ and ¢�£ (or the corresponding
baryonstates).Thismechanismplaysaspecialrôle sinceit allows flavour asymmetriesfavouring
hadronspeciesthatcaninheritsomeof thebeam-remnantflavourcontents.Energy andmomentum
is notconservedin thecollapsesothatsomeenergy-momentumhastobetakenfrom,or transferred
to, the restof the event. In the new version,a schemehasbeenintroducedwhereenergy and
momentumareshuffled locally in anevent.

Weassumethatthenonperturbative hadronizationprocessdoesnot changetheperturbatively cal-
culatedtotal rateof bottomproduction.By localdualityarguments[39], wefurtherpresumethattherate
of clustercollapsecanbeobtainedfrom thecalculatedrateof low-massstrings.In theprocess�   � ¡ {}¤ ¤
localdualitysuggeststhatthesumof the ¥�¦�§ and§©¨ crosssectionsapproximatelyequaltheperturbative¤ ¤ productioncrosssectionin themassinterval below the ª ª -threshold.Similar argumentshave also
beenproposedfor « decayto hadrons[40] andshown to beaccurate.In thecurrentcase,thepresence



of otherstringsin the event alsoallows soft-gluonexchangesto modify partonmomentaas required
to obtainthecorrecthadronmasses.Traditionalfactorizationof short-andlong-distancephysicswould
thenalsopreserve thetotalbottomcrosssection.Localdualityandfactorization,however, donotspecify
how to conserve theoverall energy andmomentumof aneventwhena continuumof w¬� massesis to be
replacedby a discrete¢ � . In practice,however, thedifferentpossiblehadronizationmechanismsdo not
affect asymmetriesmuch. The fractionof thestring-massdistribution below the two particlethreshold
effectively determinesthetotal rateof clustercollapseandthereforetheasymmetry.

Theclustercollapseratedependsonseveralmodelparameters.Themostimportantonesarelisted
herewith thePYTHIA parametervaluesthatwe have used.ThePYTHIA parametersareincludedin the
new default parametersetin PYTHIA 6.135 andlaterversions.­ Quark massesThe quarkmassesaffect the thresholdof the string-massdistribution. Changing

thequarkmassshifts thestring-massthresholdrelative to thefixedmassof thelightesttwo-body
hadronicfinal stateof thecluster. Smallerquarkmassesimply largerbelow-thresholdproduction
andanincreasedasymmetry. Thenew default massesarePMAS(1) ®¯�1°±® PMAS(2) ®¯�1²³®
0.33D0,PMAS(3) ® � � ® 0.5D0,PMAS(4) ®4�1´�® 1.5D0andPMAS(5) ®��1µ�® 4.8D0.­ Width of the primordial ¶�u distribution. If theincomingpartonsaregivensmall tvu kicks in the
initial state,asymmetriescanappearat larger tvu sincethebeamremnantsaregivencompensatingtMu kicks, thusallowing collapsesat larger tvu . Thenew parametersarePARP(91)=1.D0 and
PARP(93)=5.D0 .­ Beamremnantdistribution functions (BRDF). Whenagluonis pickedoutof theproton,therest
of theprotonformsa beamremnantconsisting,to first approximation,of a quarkanda diquark.
How theremainingenergy andmomentumshouldbesplit betweenthesetwo is not known from
first principles. We thereforeusedifferentparameterizationsof the splitting function andcheck
the resultingvariations. We find significantdifferencesonly at large rapiditieswherean uneven
energy-momentumsplittingtendtoshift bottomquarksconnectedto abeamremnantdiquarkmore
in thedirectionof thebeamremnant,hencegiving riseto asymmetriesatvery largerapidities.We
useanintermediatescenarioin thisstudy, givenby MSTP(92)=3 .­ Thr esholdbehaviour betweencluster decayand collapse. Considera w � clusterwith an in-
variantmassat, or slightly above, the two particle threshold. Shouldthis clusterdecayto two
hadronsor collapseinto one? In oneextremepoint of view, a ¢�· pair shouldalwaysbe formed
whenabove this threshold,andnever asingle ¢ . In anotherextreme,thetwo-bodyfractionwould
graduallyincreaseat asuccessionof thresholds:¢�· , ¢ £ · , ¢�¸ , ¢ £ ¸ , etc.,wheretherelative prob-
ability for eachchannelis givenby thestandardflavour andspinmixturein stringfragmentation.
In our currentdefault model,we have chosento steera middle courseby allowing two attempts
(MSTJ(17)=2 ) to find a possiblepair of hadrons.Thusa fraction of eventsmay collapseto a
singleresonancealsoabove the ¢¬· threshold,but ¢�· is effectively weightedup. If a largenumber
of attemptshadbeenallowed (this canbevariedusingthe freeparameterMSTJ(17) ), collapse
wouldonly becomepossiblefor clustermassesbelow the ¢�· threshold.

The colour connectionbetweentheproducedheavy quarksandthebeamremnantsin thestring
modelgivesrise to an effect calledbeamremnantdrag. In an independentfragmentationscenariothe
light coneenergy momentumof thequarkis simply scaledby somefactorpickedfrom a fragmentation
function.Thus,onaveragetherapidity is conservedin thefragmentationprocess.This is notnecessarily
so in string fragmentation,whereboth string endscontribute to the four-momentumof the produced
heavy hadron.If theotherendof thestring is a beamremnant,thehadronwill beshiftedin rapidity in
thedirectionof thebeamremnantresultingin anincreasein ¹ º»¹ . This beam-dragis shown qualitatively
in fig. 28, wherethe rapidity shift is shown asa function of rapidity andtransversemomentum.This
shift is not directly accessibleexperimentally, only indirectly as a discrepancy betweenthe shapeof
perturbatively calculatedquarkdistributionsandthedata.
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Fig. 28: (a) Averagerapidity shift ½�¾�¿ÁÀ�¾%Â�ÃÄ¾�ÅÇÆ asa functionof ¾ for somedifferent È�É cuts. (b) Averagerapidity shiftÀËÊ+½�¾�ÊÌÆ in thedirectionof “the otherendof thestring” thatthebottomquarkis connectedto, i.e. ignoringthesignof theshift.

5.3 Intrinsic Heavy Quarks

Thewavefunctionof a hadronin QCD canberepresentedasa superpositionof Fock statefluctuations,
e.g. ¹ ÍÏÎÑÐ , ¹ ÍÏÎ�znÐ , ¹ ÍÏÎÑ| |ÒÐ , . . . componentswhereÍÏÎÔÓÕ�k��� for a proton. Whentheprojectilescatters
in thetarget, thecoherenceof theFock componentsis brokenandthefluctuationscanhadronizeeither
by uncorrelatedfragmentationasfor leadingtwist productionor coalescencewith spectatorquarksin the
wavefunction[33] [36]. Theintrinsicheavy quarkFockcomponentsaregeneratedby virtual interactions
suchas z
zÖ{ | | wherethe gluonscoupleto two or more projectilevalencequarks. Intrinsic | |
Fock statesaredominatedby configurationswith equalrapidity constituentsso that,unlike seaquarks
generatedfrom asingleparton,theintrinsicheavy quarkscarrya largefractionof theparentmomentum
[33].

Theframe-independentprobabilitydistribution of an Í –particlew w Fockstateis
×�Ø�ÙÚ µ×ÜÛMÝßÞÜÞÜÞ�×ÜÛ Ù ®áà Ù â �p�äã

ÙÝËåçæ ÛvÝ �
�9� � è ã ÙÝËåçæ � � � Ý ¦ Û Ý �p� �Áé (26)

where� � Ý ®5¶ � uÏê ÝÏë � � Ý is theeffective transversemassof the ìîíðï particleand
ÛMÝ

is the light-conemo-
mentumfraction. Theprobability,

Ø�ÙÚ µ , is normalizedby à Ù and Í}®òñ for baryonproductionfrom the¹ ÍÏÎ�w w¬Ð configuration.Thedeltafunctionconserveslongitudinalmomentum.ThedominantFock con-
figurationsareclosestto thelight-coneenergy shellandthereforetheinvariantmass,ó)�ô® Ý �1�Ý ¦ Û Ý ,
is minimized. Assuming õ�ö¶%� uÏê Ý Ð is proportionalto thesquareof theconstituentquarkmass,we choose�1÷ô®áø
ù úyñ GeV, � � ®áø
ùHû
� GeV, and�1µü®ýñ GeV [41] [42].

The
Ûvþ

distribution for a singlebottomhadronproducedfrom an Í -particleintrinsic bottomstate
canberelatedto

Ø ÙÚ µ andtheinelasticxkx crosssectionby

ÿ��Ú µ �9xkx��×�Ûnþ ®
×`Ø �×�Ûnþ ÿ Ú����� � �

ú � �µ �
� � �pó µ µ ��ù (27)

Theprobabilitydistribution is thesumof all contributionsfrom the ¹ Í Î w w¬Ð andthe ¹ Í Î w w¬r r~Ð configura-
tionswith rÄ®¯� , � , and	 andincludesuncorrelatedfragmentationandcoalescence,asdescribedbelow,
whenappropriate[43]. Thefactorof � � ¦�ú � �µ arisesfrom thesoft interactionwhichbreaksthecoherence
of theFockstate.Wetake � ��
áø
ùH� GeV� [44]. Theintrinsiccharmprobability,

Ø
�Ú ´ ®áø
ù��
� %, wasdeter-
minedfrom analysesof theEMC charmstructurefunctiondata[45]. Theintrinsic bottomprobabilityis
scaledfrom theintrinsiccharmprobabilityby thesquareof thetransversemasses,

Ø Ú µ�® Ø Ú ´$� �1´�¦ �1µß� � .



The intrinsic bottomcrosssectionis reducedrelative to the intrinsic charmcrosssectionby a factorof� �� �pó µ µ �p¦
� �� �póE´ ´$� [46]. Takingthesefactorsinto account,weobtain ÿ �Ú µ �9tnà �»�áû nb at14 TeV.

Thereare two waysof producingbottomhadronsfrom intrinsic w w states. The first is by un-
correlatedfragmentation.If we assumethat the w quarkfragmentsinto a ¢ meson,the ¢ distribution
is ×`Ø Ù��Ú µ×ÜÛ�� ® ×�� ÙÝËåçæ ×�Û Ý

×�Ø ÙÚ µ×ÜÛ æ ùÜùÜù ×ÜÛ Ù
������� � � �� â � Û�� ã �ÇÛ µ~� é (28)

Thesedistributionsareassumedfor all intrinsic bottomproductionby uncorrelatedfragmentationwith� � ��� � � � ® â � � ã �
� . At low tvu , this approximationshouldnot be too bad, asseenin fixed target
production[42].

If the projectilehasthe correspondingvalencequarks,the bottomquarkcanalsohadronizeby
coalescencewith the valencespectators.The coalescencedistributions arespecificfor the individual
bottomhadrons.It is reasonableto assumethattheintrinsicbottomFockstatesarefragileandcaneasily
materializeinto bottomhadronsin high-energy, low momentumtransferreactionsthroughcoalescence.
Thecoalescencecontribution to bottomhadronproductionis

×�Ø Ù��Ú µ×ÜÛ � ®
Ù
ÝËåçæ ×ÜÛ Ý

×`Ø ÙÚ µ×�Ûbæ ùÜùÜù ×�Û Ù â �
Û � ã Û ��� ã ÞÜÞÜÞ ã Û �! #" ��ù (29)

wherethe coalescencefunction is simply a delta function combiningthe momentumfractionsof the
quarksin theFockstateconfigurationthatmakeup thevalencequarksof thefinal-statehadron.

Not all bottomhadronscanbe producedfrom the minimal intrinsic bottomFock stateconfigu-
ration, ¹ ÍÏÎ�w w¬Ð . However, coalescencecanalsooccurwithin higherfluctuationsof the intrinsic bottom
Fockstate.For example,in theproton,the ¢�¡ and $ �µ canbeproducedby coalescencefrom ¹ ÍÏÎ¬w wU� �¬Ð
and ¹ ÍÏÎ¬w w�	 	$Ð configurations.Thesehigher Fock stateprobabilitiescanbe obtainedusing earlier re-
sultson § § pair production[47] [48]. If all the measured§ § pairs [49] arisefrom ¹ ÍÏÎ�¤ ¤�¤ ¤�Ð config-
urations,

Ø Ú ´ ´ � úyù ú&% Ø Ú ´ [48] [50]. It was found that the probability of a ¹ Í Î ¤ ¤�r r~Ð statewas thenØ Ú ´ ÷Ä®á�('�1´$¦)'�1÷`� � Ø Ú ´î´ [47]. If we thenassume
Ø Ú µ ÷ ®á�*'�1´$¦+'�1µß� � Ø Ú ´ ÷ , wefind that

Ø Ú µ ÷ � �1´
�1µ

� �1´
�1÷

� Ø Ú ´ ´ é (30)

leadingto
Ø Ú µ ° ® Ø Ú µ�² � û
ø
ù ú&% Ø Ú µ and

Ø Ú µ � �-,/.
ùHñ/% Ø Ú µ . To go to still higherconfigurations,one
canmakesimilarassumptions.However, asmorepartonsareincludedin theFockstate,thecoalescence
distributionssoftenandapproachthefragmentationdistributions,eventuallyproducingbottomhadrons
with lessmomentumthanuncorrelatedfragmentationfrom theminimal w w stateif a sufficient number
of r r pairsareincluded. Thereis thenno longerany advantageto introducingmorelight quarkpairs
into the configuration—therelative probability will decreasewhile the potentialgain in momentumis
not significant.Therefore,we considerproductionby fragmentationandcoalescencefrom theminimal
stateandthenext higherstateswith � � , � � and	 	 pairs.

TheprobabilitydistributionsenteringEq. (27) for ¢ � and ¢ � are×�Ø �10
×ÜÛvþ ® �, �

�
ø
×�Ø �2�Ú µ×ÜÛnþ ë �ú

×`Ø �2�Ú µ×�Ûnþ ë �, �
�
ø
×`Ø43 �Ú µ °×ÜÛvþ ë �ñ

×`Ø43 �Ú µ °×ÜÛvþ
ë �, �

�
ø
×�Ø 3 �Ú µ0²×ÜÛvþ ë ,

ñ
×�Ø 3 �Ú µ�²×ÜÛnþ ë �, �

�
ø
×`Ø 3 �Ú µ �×�Ûnþ ë �ñ

×`Ø 3 �Ú µ �×ÜÛvþ (31)
×�Ø � 0×ÜÛ þ ® �

�
ø
×`Ø �2�Ú µ×ÜÛ þ ë ��
ø

×`Ø43 �Ú µ °×ÜÛ þ ë �, �
�
ø
×`Ø53 �Ú µ�²×�Û þ ë �.

×`Ø43 �Ú µ�²×ÜÛ þ ë ��
ø
×`Ø53 �Ú µ �×�Û þ ù (32)

SeeRef. [43] for moredetailsandtheprobabilitydistributionsof otherbottomhadrons.



5.4 Model predictions

In this sectionwe presentsomeresultsfrom bothmodels.Figure29 shows theasymmetrybetween¢ �
and ¢ � asa function of º for several tvu cuts in the string model. The asymmetryis essentiallyzero
for centralrapiditiesandincreasesslowly with rapidity. Whenthekinematicallimit is approached,the
asymmetrychangessign for small tvu becauseof thedrag-effect sincew -quarksareoftenconnectedto
diquarksfrom theprotonbeamremnant,fig. 27, thusproducing ¢ � hadronswhich areshiftedmorein
rapidity than ¢ � . Clustercollapse,on theotherhand,tendto enhancetheproductionof leadingparticles
(in this case¢ � ) so the two mechanismsgive rise to asymmetrieswith differentsigns. Collapseis the
maineffectat smallrapiditieswhile eventuallyat very large º , thedrageffectdominates.
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Fig. 29: The asymmetry, 7�¿98;: Â=<?>A@ 8B: Â < >8;: Â < >DC 8B: Â < > , asa function of rapidity for different È�É cuts: (a) ÈÜÉFEHG�IKJML GeV and(b)È ÉON G=IKJPL GeV usingparameterset1 asdescribedin thetext.

In Table12 we study the parameterdependenceof the asymmetryby looking at the integrated
asymmetryfor differentkinematicalregionsusingthreedifferentparametersets:­ Set1 is thenew default aspresentedin section5.2.­ Set 2 The sameasSet1 except it usessimplecountingrulesin the beamremnantsplitting, i.e.

eachquarkgeton averageonethird of thebeamremnantenergy-momentum.­ Set 3 The old parameterset,beforefitting to fixed-target data,is includedasa reference.This
setis characterizedby currentalgebramasses,lower intrinsic ¶�u , andanunevensharingof beam
remnantenergy-momentum.

We seethat in thecentralregion theasymmetryis generallyvery smallwhereasfor forward(but
not extremely forward) rapiditiesand moderatetvu the asymmetryis around1–2%. In the very for-
ward region at small tvu , dragasymmetrydominateswhich canbeseenfrom thechangein signof the
asymmetry. Theasymmetryis fairly stableundermoderatevariationsin theparameterseventhoughthe
differencebetweenthe old andnew parametersets(Set1 and3) arelarge in the centralregion. Set1
typically givesriseto smallerasymmetries.

The crosssectionsfor all intrinsic bottomhadronsaregiven asa functionof
Ûvþ

in fig. 30. The
bottombaryondistributionsareshown in fig. 30(a). The Q �µ ( R �µ ) distributionsarethe largestandmost
forward peaked of all the distributions. The R ¡µ is the smallestand the softest,similar to that of the
bottom-strangemesonsand baryonsshown in fig. 30(b). The different coalescenceprobabilitiesas-
sumedfor hadronsfrom the ¹ �k���
w wS	 	$Ð configurationhave little real effect on the shapeof the cross
section,dominatedby independentfragmentation.Of the ¢ mesonsshown in fig. 30(c),the ¢�  and ¢ �
crosssectionsarethelargestsincebothcanbeproducedfrom the5 particleconfiguration.The ¢ ¡ and
¢ � distributionsarevirtually identical. We notethat the

Ûvþ
distributionsof otherbottomhadronsnot



Table 12: Parameterdependenceof the asymmetryin the string model. The statisticalerror in the last digit is shown in

parenthesis(95%confidence).

Parameters ¹ º»¹%�T,
ùHñ , tvuVUáñ GeV �Ò� ¹ º ¹%�áñ , tMuWUýñ GeV ¹ º ¹XUY� , tvu �áñ GeV
Set1 0.003(1) 0.015(2) ã 0.008(1)
Set2 ã 0.000(2) 0.009(3) ã 0.005(2)
Set3 0.013(2) 0.020(3) ã 0.018(2)

includedin thefigurewould besimilar to thebottom-strangehadronssincethey would beproducedby
fragmentationonly.

Fig. 30: Predictionsfor bottomhadronproductionaregivenfor ��� collisionsat 14 TeV. Thebottombaryondistributionsare

givenin (a) for Z 0Å ¿\[ 0Å (dot-dashed),[ CÅ (dashed),and [ @Å (solid). Thebottom-strangedistributionsareshown in (b) for ] 0Å
(solid), ] @Å (dashed),̂

0_
(dot-dashed),and ^ 0 ` (dotted).In (c), the ^ mesondistributionsaregiven: ^ C (solid), ^ @ (dashed),^ 0 (dot-dashed),and ^ 0 (dotted).The ^ @ and ^ 0 distributionsarevirtually identical.

The
Ûvþ

distribution for final-statehadron a is the sumof the leading-twistfusion andintrinsic
bottomcomponents,

× ÿ �èBb×ÜÛnþ ® × ÿ �c í×ÜÛnþ ë × ÿ �Ú µ×ÜÛvþ ù (33)

Theintrinsicbottomcrosssectionsfrom Section5.3arecombinedwith a leadingtwist calculationusing
independentfragmentationwheredrag effects are not included. The leadingtwist resultshave been



smoothedandextrapolatedto large
Ûnþ

to facilitatea comparisonwith the intrinsic bottomcalculation.
Theresultingtotal ¢ � and ¢ � distributionsareshown in fig. 31,alongwith thecorrespondingasymmetry.
Notethatsincetheintrinsic heavy quarktvu distributionsaremoresteeplyfalling thantheleadingtwist,
we only considertvu¯� ñ GeV. Thedistributionsaredrawn to emphasizethehigh

Û þ
region wherethe

distributionsdiffer. Theasymmetryis 
ýø
ùH� at
Ûvþ 
áø
ù�,
ñ , correspondingto ºd
Ye
ùHñ . Therefore,intrinsic

bottomshouldnotbeasignificantsourceof asymmetries.

Fig. 31: (a) Leading-twistpredictionsfor ^ 0 (solid) and ^ 0 (dashed)usingindependentfragmentation.Model predictionsfor^ 0 (dot-dashed)and ^ 0 (dotted)distributionsfrom Eq.(33). (b) Theasymmetrybetween̂
0

and ^ 0 , thedot-dashedanddotted

curvesin (a), is alsogiven.

5.5 Summary

To summarize,we have studiedpossibleproductionasymmetriesbetweenw and w hadrons,especially
¢ � and ¢ � , aspredictedby the Lund string fragmentationmodelandthe intrinsic heavy quarkmodel.
We find negligible asymmetriesfor centralrapiditiesandlarge tMu (in general,lessthan1%). For some
especiallyfavouredkinematicalrangessuchas ºfUg� and ñ³� tvu)� �
ø GeV thecollapseasymmetry
could be ashigh as1–2%. Intrinsic bottombecomesimportantonly for

Û þ U ø
ù�,
ñ and tvuÔ� ñ GeV,
correspondingto ºdUYe
ùHñ .
6. QUARK ONIUM PRODUCTION 6

Theproductionof charmoniumandbottomoniumstatesat high-energy collidershasbeenthesubjectof
considerableinterestduringthepastfew years.New experimentalresultsfrom tiht , jpt and j$ kj$¡ colliders
havebecomeavailable,someof whichrevealeddramaticshortcomingsof earlierquarkoniumproduction
models. In theory, progresshasbeenmadeon the factorizationbetweenthe shortdistancephysicsof
heavy-quarkcreationandthelong-distancephysicsof boundstateformation.Thecolour-singletmodel
[51] [52] hasbeensupersededbyaconsistentandrigorousframework,basedontheuseof non-relativistic
QCD (NRQCD) [53], aneffective field theorythat includestheso-calledcolour-octetmechanisms.On
theotherhand,thecolourevaporationmodel[54] [55] [56] of theearlydaysof quarkoniumphysicshas
beenrevived[57] [58] [59] [60]. However, despitetherecenttheoreticalandexperimentaldevelopments
the rangeof applicability of the different approachesis still subjectto debate,as is the quantitative
verificationof factorization.Becausethequarkoniummassis still notvery largewith respectto theQCD
scale,in particularfor thecharmoniumsystem,non-factorizablecorrections[61] [62] [63] may not be

5Thanksto J.Klay at UC Davis for extendingthecurvesto large l�m .
6Sectioncoordinators:M. Krämer, F. Maltoni, M.A. Sanchis-Lozano



suppressedenough,if thequarkoniumis not partof anisolatedjet, andtheexpansionsin NRQCDmay
not converge very well. In this situationa global analysisof variousprocessesis mandatoryin order
to assessthe importanceof different quarkonium productionmechanisms,as well as the limitations
of a particulartheoreticalframework (for reviews on different quarkonium productionprocessessee
e.g. [64] [65] [66].) By the time the LHC startsoperating,new experimentaldatafrom the Tevatron
andHERA aswell astheoreticalprogress,e.g.in thecalculationof higher-ordercorrections,will have
significantlyimprovedthepresentpictureandwill allow moreprecisepredictionsthanwhat is possible
at present. In the following, we will thereforefocus on the generalphenomenologicalimplications
of the NRQCD approachfor quarkonium productionat the LHC, ratherthanaiming at a detailedand
comprehensive numericalanalysis.Basedon theinformationprovidedby thepresentTevatrondatawe
will derivepredictionsfor observablescrucialfor futureLHC analyses,suchasdifferentialcrosssections
andquarkoniumpolarization.

In theNRQCDapproach,thecrosssectionfor producingaquarkoniumstatea atahadroncollider
canbeexpressedasa sumof terms,eachof which factorsinto a short-distancecoefficient anda long-
distancematrixelement:

dÿ �9t`tn¦�tihtn{na ëpo �»® Ù d 'ÿ �9t`tn¦�tihtn{}� �rq Í1s ë Û �¬õ9� � q Í1sîÐ é (34)

whereÍ denotesthecolour, spinandangularmomentumstateof an intermediate� � pair. Theshort-
distancecrosssectiond 'ÿ canbecalculatedperturbatively in thestrongcoupling � � . TheNRQCDmatrix
elementsõ9� � q Í1sîÐ (see[53] for theirdefinition)arerelatedto thenon-perturbative transitionprobabilities
fromthe � � stateÍ into thequarkonium a . They scalewith adefinitepowerof theintrinsicheavy-quark
velocity t [67]. (t��4
ýø
ù�� for charmoniumandt~�u
áø
ùH� for bottomonium.)Thegeneralexpression(34)
is thusadoubleexpansionin powersof � � andt .

TheNRQCDformalismimpliesthatso-calledcolour-octetprocessesassociatedwith higherFock
statecomponentsof the quarkonium wave function mustcontribute to the crosssection. Heavy quark
pairsthatareproducedat shortdistancesin a colour-octetstatecanevolve into a physicalquarkonium
throughradiationof soft gluonsat latetimesin theproductionprocess,whenthequarkpair hasalready
expandedto thequarkoniumsize. Sucha possibility is ignoredin thecolour-singletmodel,whereonly
thoseheavy quarkpairsthat areproducedin thedominantFock state(i.e. in a colour-singletstateand
with thespinandangularmomentumquantumnumbersof themeson)areassumedto form a physical
quarkonium. Themostprofoundtheoreticalevidencethatthecolour-singletmodelis incompletecomes
from the presenceof infrareddivergencesin the productioncrosssectionsanddecayratesof

Ø
-wave

states.Within the NRQCD approach,this problemfinds its naturalsolutionsincethe infraredsingu-
larities arefactoredinto a colour-octetoperatormatrix element[68]. While colour-octetcontributions
areneededfor a consistentdescriptionof

Ø
-wave quarkonia, they arephenomenologicallyeven more

importantfor v -wave stateslike wv¦�§ or x . Accordingto the velocity scalingrules,colour-octet ma-
trix elementsfor the productionof v -wave quarkonia aresuppressedby a factor t � comparedto the
leadingcolour-singletcontributions.However, asdiscussedin somedetailbelow, colour-octetprocesses
canbecomesignificantif the short-distancecrosssectionfor producing � � in a colour-octet stateis
enhanced.

Theproductionof v -wave charmoniumin t*ht collisionsat theTevatronhasattractedconsiderable
attentionandhasstimulatedmuchof the recenttheoreticaldevelopmentin quarkonium physics. The
CDF collaborationhasmeasuredcrosssectionsfor theproductionof wM¦�§ and§ ��,/v»� statesnot coming
from y or radiative z decays,for a wide rangeof transversemomentañ GeV 
� t|{ �9§ � 
� ,
ø GeV [69]
[70]. Surprisingly, theexperimentalcrosssectionswerefoundto beordersof magnitudeslargerthanthe
theoreticalexpectationbasedon the leading-ordercolour-singletmodel[71] [72]. This resultis partic-
ularly striking becausethedataextendsout to large transversemomentawherethe theoreticalanalysis
is ratherclean.Theshortcomingof thecolour-singletmodelcanbeunderstoodby examininga typical
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Fig. 32: Genericdiagramsfor ¹/ºP» productionin hadron-hadroncollisionsvia colour-singletandcolour-octetchannels.

Feynmandiagramcontributing to the leading-orderpartoncrosssection,fig. 32(a). At large transverse
momentum,thetwo internalquarkpropagatorsareoff-shell by 
}t � { sothatthepartondifferentialcross
sectionscaleslike dÿ ¦ dt � { 
C�
¦�t½¼{ , asindicatedin thefigure. On theotherhand,when t {¿¾ ,��ÁÀ the
quarkonium masscanbe consideredsmall and the inclusive charmoniumcrosssectionis expectedto
scalelikeany othersingle-particleinclusive crosssection
á�
¦�t � { . Thedominantproductionmechanism
for charmoniumat sufficiently large t�{ mustthusbevia fragmentation[73], theproductionof a parton



with large t�{ which subsequentlydecaysinto charmoniumandotherpartons.A typical fragmentation
contribution to colour-singlet wM¦�§ productionis shown in fig. 32(b). While thefragmentationcontribu-
tionsareof higherorderin � � comparedto thefusionprocessfig. 32(a),they areenhancedby a powert � { ¦
��,�� À � � at large t|{ andcanthusovertake thefusioncontribution at t�{ ¾ ,�� À . Whencolour-singlet
fragmentationis included,the t|{ dependenceof thetheoreticalpredictionis in agreementwith theTeva-
tron databut the normalizationis still underestimatedby aboutan orderof magnitude[74] [75] [76],
indicatingthatanadditionalfragmentationcontribution is still missing.It is now generallybelievedthat
gluon fragmentationinto colour-octet �Âv æ charmquarkpairs [77] [78], asshown in fig. 32(c), is the
dominantsourceof wM¦�§ and§ ��,/v � at large t�{ at theTevatron.Theprobabilityof forminga wM¦�§ particle

from apointlike �Bh� pair in acolour-octet�/v æ stateis givenby theNRQCDmatrixelementõ9�ÄÃ ��Å q �ÂvÇÆ ¼;Èæ sîÐ
whichis suppressedby t � relative to thenon-perturbative factorof theleadingcolour-singletterm.How-
ever, this suppressionis overcompensatedfor by the gain in two powersof � � ¦�· in the short-distance
crosssectionfor producingcolour-octet �/v æ charmquarkpairsascomparedto colour-singletfragmen-
tation. At ���Ét � � in the velocity expansion,two additionalcolour-octet channelshave to be included,
fig. 32(d),which do not have a fragmentationinterpretationat order �y� � but which becomesignificantat

moderatet|{*
Ê,�� À [79] [80]. Theimportanceof the
æ v Æ ¼;È� and � Ø Æ ¼;ÈÃ contributionscannotbeestimated

from naive power countingin � � andt alone,but ratherfollows from thedominanceof Ë -channelgluon
exchange,forbiddenin theleading-ordercolour-singletcrosssection.

Thedifferentcontributionsto the wM¦�§ transversemomentumdistributionarecomparedto theCDF
data[70] in fig. 33. As mentionedabove, thecolour-singletmodelat lowestorderin � � fails dramati-
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tion. NRQCDmatrix elementsasspecifiedin Table13.



Table13: NRQCD matrix elementsfor charmoniumproduction. The colour-singletmatrix elementsaretaken from the po-

tential modelcalculationof [82] [83]. Thecolour-octetmatrix elementshave beenextractedfrom theCDF data[70], whereòfóô é ��õ :�ö >0 I�÷ùø :îö >0 ñ!ú Àðû óö*ü �ýõ 0ÿþ ÆØÚ��çÀðû óökü ÷ùø 0ùþ ÆðºMç äè . The errorsquotedarestatisticalonly. Parameters:CTEQ5L parton

distributionfunctions[81], renormalizationandfactorizationscaleã�¿ é È äå ÚÇæ�ç äè ñ ��� ä andç è ¿\J�Þ�G GeV. TheAltarelli-Parisi

evolution hasbeenincludedfor the ÷ õ :�ö >� fragmentationcontribution. See[84] for furtherdetails.
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cally whenconfrontedwith theexperimentalresults.Whencolour-singletfragmentationis included,the
predictionincreasesby morethananorderof magnitudeat large t�{ , but it still falls below thedataby a
factorof 
 �
ø . TheCDF resultson charmoniumproductioncanbeexplainedby includingthe leading
colour-octetcontributionsandadjustingthe unknown non-perturbative parametersto fit the data. Nu-
mericallyonefindsthenon-perturbative matrixelementsto beof ���p�
ø�¡ � GeV� � , seeTable13,perfectly
consistentwith the t � suppressionexpectedfrom thevelocity scalingrules. Similar conclusionscanbe
drawn for § ��,/v»� productionat theTevatron.

Theanalysisof theCDF dataalone,althoughvery encouraging,doesnot strictly prove thephe-
nomenologicalrelevanceof colour-octetcontributionsbecausefreeparametershave to beintroducedto
fit thedata.However, if factorizationholdsthenon-perturbative matrixelements,Table13,areuniversal
andcanbeusedto make predictionsfor variousprocessesandobservables.Besidesa globalanalysisof
differentreactions,themeasurementof quarkonium crosssectionsat theLHC will becrucial to assess
the importanceof the individual productionmechanismsandto test factorization. In fig. 34 we have
collectedthe crosssectionpredictionsfor direct wM¦�§ and § ��,/v»� productionaswell asthe production
of wM¦�§ from radiative z decaysat the LHC. The theoreticalcurves includethe statisticalerrorsin the
extractionof theNRQCDmatrix elements[Table13]. Thereare,however, additionaltheoreticaluncer-
taintieswhich might affect the prediction,but which have not yet beenfully quantified. In particular
the determinationof the õ9�

Å
¼ q
æ vU�=sîÐ and õ9�

Å
¼ q � Ø ��sîÐ matrix elements(§ denoting wM¦�§ or § ��,/v»� ) from

theTevatrondatais very sensitive to effectsthatmodify theshapeof thecharmoniumt�{ distribution at
relatively small t�{ 
� . GeV. Thoseeffectsincludethesmall-

Û
behaviour of thegluondistribution [84],

theevolution of thestrongcoupling[84], aswell assystematiceffectsinherentin NRQCD,suchasthe
inaccuratetreatmentof the energy conservation in the hadronizationof the colour-octet �Bh� pairs [85].
Moreover, higher-orderQCD correctionsareexpectedto play an importantrole, asdiscussedin more
detailbelow. Thecrosssectionscollectedin fig. 34 shouldthusnot beviewedasfirm NRQCDpredic-
tions but will be refinedasmoreexperimentalandtheoreticalinformationon charmoniumproduction
becomesavailableover thenext few years.

The inclusionof higher-orderQCD correctionsis requiredto reducethe theoreticaluncertainty
andto allow amoreprecisepredictionof theLHC crosssections.Next-to-leadingorder(NLO) calcula-
tionsfor quarkoniumproductionat hadroncollidersarepresentlyavailableonly for total crosssections
[86] [87]. Significanthigher-ordercorrectionsto differentialdistributionsareexpectedfrom thestrong
renormalizationandfactorizationscaledependenceof theleading-orderresults[85]. Moreover, theNLO
colour-singletcrosssectionincludesprocesseslike � ë �n{}� � q �ÂvÇÆ æ Èæ s ë � ë � which aredominatedbyË -channelgluonexchangeandscaleas 
5� � � ��,����:� ��¦�t�� { . At t�{ ¾ ,���� their contribution is enhanced
with respectto thethe leading-ordercrosssection,fig. 32(a),which scalesas 
ò�y� � ��,������ � ¦�t�¼{ . This is
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éëê ` ìîí È äå º éðï ç è ñ ä ñ  havebeensummedby solvingtheAltarelli-

Parisi evolution equationsfor thegluonfragmentationfunction. Theerrorbandsincludethestatisticalerrorsin theextraction

of theNRQCDmatrix elements[Table13] only.

bornout by preliminarystudies[88] which includepartof theNLO hadroproductioncrosssectionand
by thecompletecalculationof NLO correctionsto the relatedprocessof quarkonium photoproduction
[89]. TheNLO colour-singletcrosssectionmaybecomparablein sizeto thecolour-octet

æ vU� and � Ø Ã
processes,which scaleas 
 �n� � t � ��,�� � � � ¦�t � { (seefig. 32(d)), andaffect the determinationof the cor-
respondingNRQCD matrix elementsfrom the Tevatrondata. A full NLO analysisis however needed
beforequantitative conclusionscanbedrawn.

Anothersourceof potentially large higher-order correctionsis the multiple emissionof soft or
almostcollineargluonsfrom theinitial statepartons.Thesecorrections,aswell aseffectsrelatedto in-
trinsic transversemomentum,areexpectedto modify theshapeof thetransversemomentumdistribution
predominantlyat relatively low valuesof t�{ 
� ,���� . Initial stateradiationcanbepartially summedin
perturbationtheory[90], but sofar only total crosssectionshave beenconsideredin theliterature[91].
An estimateof theeffect on the transversemomentumdistribution shouldbeprovided by phenomeno-
logical modelswherea Gaussian¶;{ -smearingis addedto the initial statepartons.The resultof these
calculationsnot only dependson theaverage õ9¶;{pÐ , which entersasa freeparameter, but alsoon thede-
tails of how thesmearingis implemented.Moreover, a lower cut-off hasto beprovidedwhich regulates
thedivergencesat t�{»®ýø . UsingtheNLO calculationfor thetotal crosssection[87], onecanobtainthe
roughestimatethatperturbative Sudakov effectsshouldbeconfinedbelow t�{(
á�Mãd, GeVfor bothchar-
moniumandbottomoniumproductionat Tevatronenergies. Qualitatively, the inclusionof ¶ { -smearing
leadsto anenhancementof theshortdistancecrosssectionat small t�{ , which resultsin smallervalues



for thefits of the õ9�
Å
¼ q
æ vU�=sîÐ and õ9�

Å
¼ q � Ø ��sîÐ NRQCDmatrix elements[92] [88]. Theactualsizeof the

effect,however, turnsout to bevery differentfor thetwo modelsstudiedin theliterature.

An alternative approachto treat the effect of initial stateradiationis by meansof Monte Carlo
eventgeneratorswhich includemultiple gluonemissionin thepartonshower approximation.Compre-
hensive phenomenologicalanalyseshave beencarriedout for charmoniumproductionat the Tevatron
and at the LHC [93] [94] [95] using the event generatorPYTHIA [37] supplementedby the leading
colour-octetprocesses[93]. The inclusionof initial stateradiationasimplementedin PYTHIA leadsto
anenhancementof theshort-distancecrosssection.Thesizeof theeffect is significantlylarger thanfor
theGaussian¶;{ -smearingmentionedabove, andit extentsout to large t�{ . Consequently, the õ9�

Å
¼ q
æ vU�=sîÐ

and õ9�
Å
¼ q � Ø ��sîÐ NRQCDmatrixelementsestimatedfrom theMonteCarloanalysisof theTevatroncross

sectionsaresignificantlylower thanthe oneslisted in Table13 (see[93] [94] for details).7 Figure35
shows the individual contributions to the direct wM¦�§ crosssectionat the LHC as estimatedwith the
PYTHIA Monte Carlo [94]. Note that for consistency the curvesarebasedon the NRQCD matrix el-
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ementsextractedfrom the Monte Carlo analysisof the Tevatrondataratherthanon the valuesof the
7Supportis addedto theMonteCarloextractionof theNRQCDmatrixelementsby analysesof ¹/ºM» productionin inelastic- È -scattering[96] [97] and. decays[98], whichseemto prefersmallvaluesof Àðû0/ö ü �ýõ 0ùþ Æ and Àðû1/ö ü ÷ùø 0Éþ Æ .



leading-orderfit listed in Table13. Oneobserves that the final predictionis consistentwith the result
presentedin fig. 34 within errors. The extrapolationof theTevatronfits to LHC energiesseemsrather
insensitive to thedetailsof theunderlyingtheoreticaldescription,anddifferentapproachesyield similar
predictionsfor the LHC crosssectionsas long as the appropriateNRQCD matrix elementsareused.
TheMonteCarlo implementation[93] shouldthereforerepresenta convenientandreliabletool for the
experimentalsimulationof quarkoniumproductionprocessesat theLHC.

A crucialtestof theNRQCDapproachto charmoniumproductionat hadroncollidersis theanal-
ysisof wv¦�§ and§ ��,/v»� polarizationat largetransversemomentum.Recallthatat large t { , § production
shouldbedominatedby gluonfragmentationinto a colour-octet �Âv æ charmquarkpair, fig. 32(c).Whent {
¾ ,��ÁÀ the fragmentinggluon is effectively on-shellandtransverse.Theintermediate�Bh� pair in the
colour-octet � v æ stateinheritsthegluon’s transversepolarizationandsodoesthequarkonium,because
theemissionof soft gluonsduringhadronizationdoesnot flip theheavy quarkspinat leadingorderin
the velocity expansion.Consequently, at large transversemomentumoneshouldobserve transversely
polarized wM¦�§ and § ��,/v»� [100]. Thepolarizationcanbe measuredthroughtheangulardistribution in
thedecay§ {32Ë 42Ë¡ , givenby d5¬¦ d¤76/	98�:�� ë � ¤76/	 � 8 , where 8 denotestheanglebetweenthelepton
three-momentumin the § restframeandthe § three-momentumin thelab frame.Puretransversepolar-
ization implies �Ô® � . Correctionsto this asymptoticlimit dueto spin-symmetrybreakingandhigher
orderfragmentationcontributionshave beenestimatedto besmall [101]. Thedominantsourceof depo-
larizationcomesfrom thecolour-octetfusiondiagrams,fig. 32(d),which areimportantat moderatet�{ .
Still, at ���Ét � � in thevelocity expansion,thepolarangleasymmetry� canbeunambiguouslycalculated
within NRQCD [84] [102] in termsof the threenon-perturbative matrix elements[Table13] thathave
beendeterminedfrom theunpolarizedcrosssection.In fig. 36 we displaythetheoreticalpredictionfor� in § ��,/v � productionat theTevatronasfunctionof the § ��,/v � transversemomentum.No transverse
polarizationis expectedat t�{5
 ñ GeV, but the angulardistribution is predictedto changedrastically
as t�{ increases.A preliminarymeasurementfrom CDF [103] doesnot supportthis prediction,but the
experimentalerrorsaretoo largeto draw definiteconclusions.A similar pictureemergesfrom theanal-
ysisof wM¦�§ polarization[104], where,however, the theoreticalanalysisis complicatedby the fact that
thedatasamplestill includeswM¦�§ thathave not beenproduceddirectly but comefrom decaysof higher
excitedstates[105].

Polarizationmeasurementsarecrucialto discriminatetheNRQCDapproachfrom thecolourevap-
orationmodel,wherethecrosssectionfor aspecificcharmoniumstateis givenasauniversalfractionof
the inclusive � � productioncrosssectionintegratedup to theopencharmthreshold.In general,theas-
sumptionof asingleuniversallong-distancefactoris toorestrictive. It impliesauniversalÿ �Éz À �p¦ ÿ ��wM¦�§ �
ratio,whichis notsupportedby thecomparisonof charmoniumproductionin hadron-hadronandphoton-
hadroncollisions. Still, sincethecolourevaporationmodelallows colour-octetcharmquarkpairsfrom
gluon fragmentationto hadronizeinto charmonium,it candescribethe t�{ distribution of the Tevatron
data[57] [58] [59] [60]. In contrastto the NRQCD approach,however, the colour evaporationmodel
predictscharmoniumto be producedunpolarized. The modelassumesunsuppressedgluon emission
from the �;h� pair during hadronizationwhich randomizesspin andcolour. This assumptionis clearly
wrong in the heavy quarklimit wherespin symmetryis at work andsoft gluon emissiondoesnot flip
the heavy quarkspin. Nonetheless,sincethe charmquarkmassis not very large with respectto the
QCD scale,theapplicabilityof heavy quarkspinsymmetryto charmoniumphysicshasto betestedby
confrontingtheNRQCDpolarizationsignaturewith experimentaldata.

Todefinitelyresolvetheissueof quarkoniumpolarization,ahigh-statisticsmeasurementextending
out to largetransversemomentumwill benecessary. Suchameasurementcanbecarriedoutat theLHC,
whereone expectsa polarizationpatternsimilar to that predictedfor the Tevatron, seefig. 37. The
absenceof a substantialfraction of transversepolarizationin § productionat large t�{ would represent
a seriousproblemfor theapplicationof theNRQCDfactorizationapproachto thecharmoniumsystem
andmight indicatethatthecharmquarkmassis not largeenoughfor a nonrelativistic approachto work
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for »9?A@ õ ñ productionin BØ×B/Ù�»9?A@ õ ñ ?MÙ�ãDCÂãFE ñHG Û at the Tevatronasa function of B å
comparedto preliminarydatafrom CDF [103]. Parameterspecificationsasin fig. 33. NLO correctionsto the fragmentation

contribution [101] [84] havenotbeenincluded.Theerrorbandis obtainedasacombinationof theuncertainty(statisticalonly)

in theextractionof theNRQCDmatrix elements[Table13] andthelimiting casesthateither Iðû0/ö ?KJ õ�L ñNM or Iðû1/ö ? ÷ ø L ñNM is set

to zeroin thelinearcombinationextractedfrom thedata.

in all circumstances.

Theapplicationof NRQCDshouldbeonsafergroundsfor thebottomoniumsystem.As O�PRQTS�UWV
for bottomonium,higher-ordertermsin thevelocity expansion(in particularcolour-octetcontributions)
areexpectedto belessrelevant thanin thecaseof charmonium.Crosssectionsfor theproductionof X
stateshave beenmeasuredat theTevatronin the region Y[Z Q\^] S GeV [106] [107] [108]. The leading-
ordercolour-singletmodelpredictionsunderestimatethedata,thediscrepancy being,however, muchless
significantthanin thecaseof charmonium.Giventhelargetheoreticaluncertaintiesin thecrosssection
calculation,in particularat small Y[Z Q\`_ba , theneedfor colour-octetcontribution is notyetasfirmly es-
tablishedasfor charmoniumproduction.Theinclusionof bothnext-to-leadingordercorrectionsandthe
summationof softgluonradiationis requiredto obtainarealisticdescriptionof the X crosssectionin the
Y�Z -rangeprobedby presentdata.Suchcalculationshave not yet beenperformed,andwe have therefore
not attempteda systematicfit [79] [80] of thebottomoniumNRQCDmatrix elements.Our predictions
for the X crosssectionat theLHC, figs.38,39,arebasedonasimplechoiceof thenon-perturbative input
parameters[Table14] which is consistentwith thepresentexperimentalinformationfrom theTevatron.
The crosssectionsshouldthusnot be regardedasfirm predictionsof NRQCD but ratherasorder-of-
magnitudeestimates.Theexpectedtheoreticalprogressandmoreexperimentalinformationwill allow a
moreprecisepredictionin thenearfuture.

The impactof initial stategluon radiationon the X crosssectionsat theTevatronhasbeenesti-
matedby addinga GaussiancdZ -smearingasdiscussedpreviously in thecontext of charmoniumproduc-
tion. An average efcdZhgiQkj GeV anda l -factor Qkj arefoundto bring the leading-ordercolour-singlet
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Table 14: NRQCD matrix elementsfor bottomoniumproduction. The colour-singlet matrix elementsare taken from the

potentialmodel calculationof [82] [83]. The colour-octet matrix elementshave beendeterminedfrom the CDF datafor

B{zi|~}������ [107], where IA����4� J7q L�� M�� IA����9����� L�� MA������ hasbeenassumedfor simplicity. Parameters:CTEQ5L parton

distribution functions[81], renormalizationandfactorizationscalew � ?�B �z GR�r� �� s J�� � and� � ���u� }r} GeV.
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crosssectionin line with theexperimentalXR¤hV ¡¸· ] ¡1¥ dataat Y Z Q\¹_ a [109]. Similar resultshave been
obtainedwithin aMonteCarloanalysis[110], leadingto significantlylowerfit valuesfor thecolour-octet
NRQCDmatrix elementsthanthosedeterminedfrom a leading-ordercalculation[Table14]. Moreover,
the Monte Carlo resultsimply that no feeddown from ´ statesproducedthroughcolour-octet   ¡ ��º¼» º
statesis neededto describethe inclusive X crosssection,in contrastto what is foundat leading-order.
The calculationof next-to-leadingordercorrectionsanda systematictreatmentof soft gluon radiation
within perturbationtheoryarerequiredto resolve theseissues.Figure40 shows the inclusive X½¤hV ¡1¥
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for thegluonfragmentationfunction.NRQCDmatrix elementsasspecifiedin Table14. Theerrorbandis obtainedby varying

thecolour-octetmatrix elementsbetweenhalf andtwice their centralvaluefor illustration.

crosssectionat theLHC asobtainedfrom theMonteCarlocalculation[110]. Thecurvesarebasedon
the NRQCD matrix elementsextractedfrom the Monte Carlo analysisof the Tevatrondata[110]. As
in thecaseof charmoniumproduction,oneobservesthatthefinal LHC predictionis consistentwith the
leading-orderresultpresentedin fig. 38 within errors.

Let usfinally presentthepolarizationpatternpredictedfor direct XR¤hV ¡1¥ productionat theLHC,
fig. 41, basedon theNRQCDmatrix elementsof Table14. Higher-ordercorrectionsto thegluonfrag-
mentationfunction [101] [84] will lead to a small reductionof the transversepolarizationat large Y�Z
andshouldbeincludedonceprecisedatabecomeavailable.If thecharmoniummassis indeednot large
enoughfor anonrelativistic expansionto bereliable,theonsetof transverseX polarizationat Y�ZÅÛ _Üa
maybecomethesinglemostcrucialtestof theNRQCDfactorizationapproach.

In summary, we have discussedsomeof thephenomenologicalimplicationsof theNRQCD ap-
proachfor quarkonium productionat theLHC andpresented’state-of-the-art’predictionsfor Ý and X
differentialcrosssectionsandpolarization.8 Amongthetheoreticalissuesthatneedto beaddressedin the
futurearethecalculationof higher-orderQCD corrections,thesummationof higher-ordertermsin the
velocity expansionandquantitative insightsin theeffect of higher-twist contributions. Besidesa global
analysisof differentproductionprocessesandobservablesat variouscolliders,quarkonium physicsat
theLHC will play a crucial role to assessthe importanceof colour-octetprocessesandto conclusively
test the applicability of non-relativistic QCD andheavy-quarkspin symmetryto the charmoniumand

8Otherprocessesthathave beenstudiedin theliteratureincludequarkoniumproductionin associationwith photons[111]
[112] or electroweakbosons[113], aswell asÎ and� -wave quarkoniumproduction[114] [115].



10
-4

10
-3

10
-2

10
-1

1

10 20 30
Þ

40 50
ß

Br(
à

Υ
á

(2S)→µ+µ-) dσ(pp →Υ
á

(2S)+X)/dpT (nb/GeV)
√s =14 TeV ; |ηâ | < 2.5

Inclusive
ã
from 
ä

χ(2P)
Direct
å

pæ T (GeV)

Fig. 39: Sameasfig. 38 for ÄÅ?A@rqÈs production.

bottomoniumsystems.

7. PROSPECTSFOR º PRODUCTION MEASUREMENTS AT THE LHC 9

Of the existing and currently proposedacceleratorfacilities, the LHC will yield the largestrate of º
quarks.A well definedprogramfor º productioninvestigations,andthedevelopmentof dedicatedde-
tectionstrategiesoptimisedfor ATLAS, CMS andLHCb, arerequiredfor thesuccesfulexploitationof
therich LHC potential.After anintroductionsummarisingthemainphysicsmotivations,we review the
detectorandtrigger featuresrelevant for º productionin the LHC experiments.The kinematicranges
accessibleto the threeexperimentsarethendescribed.Theoreticalmotivationsandpossiblemeasure-
mentmethodsarepresentedfor single º quarkproperties,correlationsin º production,multiple heavy
flavour production,polarization,andcharge asymmetryeffects in ç -hadronproductionin YuY interac-
tions.Basedon earlierperformancestudies,thepotentialfor thesemeasurementsis estimatedandsome
preliminaryresultsarepresented.We concludewith a summaryof thepresentstatusof thepreparations
for º -productionstudies.

7.1 Intr oduction

While many LHC studieshave beendevoted to ç -decays,º productionhasnot yet beendirectly ad-
dressed.Even though º decayinvestigationswill provide someinformationon the production,at the
discussionsof this workshopit becameclearthat they arenot sufficient to cover all aspectsof produc-
tion.

Heavy quarkproductionin highenergy hadroniccollisionsis importantfor thestudyof Quantum
Chromodynamics(QCD). Nowadays,QCD is recognizedas a well establishedand solid theory. If

9Sectioncoordinator:M. SmizanskaandP. Vikas
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disagreementsbetweenthetheoreticalpredictionsandtheexperimentaldataarefound,they will suggest
thelackof understandingonly of aparticularproductionmechanism.In many casesthesedisagreements
may be attributed to a too slow convergenceof the perturbationseries. In othercases,theremay be
importantcontributions from nonperturbative effects. Strictly speaking,the productionmeasurements
arenotgoingto testtheprinciplesof QCD,but ratherto outlinetheboundaries,wherethepredictionsof
perturbationtheoryprovide anadequatedescriptionandexhaustall thevisible effects.In this context, it
will becertainlyusefulto testasmany differentprocessesaspossible.

We presentbelow someexamplesof suchprocessesandobservables,which canpotentiallybe
studiedin theLHC experiments.BesidestestingQCD, thereexist othermotivationsto understandpro-
ductionproperties;for instance,asacontrolof thesystematicsin CPviolation. Double º pairproduction
is alsoa backgroundin somechannelsof Higgsdetectionfor LHC [116]. Measurementsof the º pro-
ductionby ATLAS andCMS in theinitial yearsof low luminosityrunningwill alsobeusedto optimise
thetriggerselectionsat high luminosityfor rare ç decays.

7.2 Detectorand trigger characteristicsrelevant for º -production

TheATLAS, CMSandLHCb detectorsandtriggersaredescribedin detailelsewhere[117]. Eventhough
thesignal-to-noiseratio for º eventsis higherat LHC thanat lower energy hadronmachines,only about
V�ÿ of thenondiffractive inelasticcollisionswill produceº -quarkpairs. Eventswith ç hadronscanbe
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NRQCDmatrix elementsasspecifiedin Table14 otherparametersasin Figure38. Theerrorbandreflectsthe limiting cases

thateither �A�
�� ô þ q��hs�� or �A�
�� ô ��� ��s�� is setto zeroin thelinearcombinationextractedfrom thedata.

distinguishedfrom otherinelasticYuY interactionsby thepresenceof leptons,of secondaryverticesand
particleswith high Y�� . Eachof the threeexperimentswill have several levels of triggersto efficiently
selectthe interestingeventscontainingç hadronswhile maintainingmanageabletrigger rates.The in-
formationfrom themuondetectorsandtheelectromagneticandhadroniccalorimeterswill beusedby the
lowestlevel triggerin all thethreeexperiments.In LHCb thelowestlevel triggerperformsapile-upveto
followedby soft cutson first level triggerobjectslike muons(Y ��� V GeV),electrons( � ��� ] UWV GeV)
or hadronclusters( � ��� ] U ° GeV) reducingthe trigger rate to 1 MHz. The more time-consuming
operations,like vertex reconstructionandusinginformationfrom the RICH for particle identification,
will beperformedby thehigherlevel triggers. Thefinal event rateexpectedfrom LHCb is Q 200Hz.
ATLAS andCMSarecentraldetectorsfor high Y � physicsdesignedto operateathigh luminosities.The
low-level trigger objectshave higher Y � limits than in LHCb: singlemuonsY ��� ±�¤ ³�¥ GeV in AT-
LAS(CMS) or dimuontriggerswith a minimal Y � of eachmuonin theinterval ¤hj�� ± ¥ GeV in ATLAS
and ¤ ] � °D¥ GeV in CMS [118] [119]. However, thanksto the higher luminosity, despitethe higher
Y�� thresholds,they will have statisticscomparableto LHCb in many exclusive channels.Simulations
doneonbothexperimentshavedemonstratedthatata luminosityof V�S  h ���� ¯ P�� ¯ � , in spiteof 2-3pileup
eventson theaverageaccompanying the º event in thesamebunchcrossing,ç -decayscanbetriggered
on andfurthercleanlyseparatedfrom backgroundin off-line reconstruction[120] [121].

7.3 Kinematic ranges

ThecentraldetectorsATLAS andCMSwill cover thepseudorapidityregion  !
 \ ] UW­ ; themoreforward
LHCb is optimisedfor V�U § \ ! \ ° U ¦ . Theoverlapbetweentheexperimentsis lessthena unit of pseu-



dorapidity, in theregion V�U § \ ! \ ] UW­ . The low transversemomentumcutoffs in eachexperimentare
limited mainly by theadmissiblelow-level triggerrates.In thestatisticallydominantchannels,ATLAS
andCMS will beefficient for ç -hadronswith Y���" V�S GeV andLHCb for Y�� � ] GeV. Thedomains
of theBjorken # variablefor differentvaluesof the º quarktransversemomentumY � aregivenin fig. 42
for two situations:whenboth the º and º arein a fiducial volumeof a detector;andwhenonly oneof
themis there. It is clearthat in all threeLHC experimentsthesampledrangeof # is containedwithin
theregionalreadycoveredby HERA [122]. For comparison,theanalogousdistribution is calculatedfor
CDF conditions(fig. 43).

(a) (b)

(c) (d)

Fig. 42: Bjorken $ region of LHCb for differentvaluesof the %Fõ'& for thesituationwhenoneof thequarksis in thedetector

volume(a),both % and% arein thedetectorvolume(b). In (c) and(d), analogousdistributionsaregivenfor ATLAS/CMS.

7.4 Single º quark production

7.41 Theoretical motivations

The inclusive differentialcrosssection (*)
+�( Y � (,! , whereY � and ! arethe transversemomentumand
the pseudorapidityof the º or º quarks,provide the basicinformationon º production. As discussed
in the previous section,next-to-leadingorder(NLO) calculationsgive a crosssectionlower thanCDF
andD0 databy a factorof Q ] U ° [12]. However, the shapeof the Y � distribution is well reproduced
by LO+NLO predictions,by a semihardmodelof theBFKL type [123] andalsoby PYTHIA [124]. In
the region of high Y � , theeffectsof higherordercontributionsaretaken into accountby meansof the
resummationtechnique[125] [23] [126]. In ref. [23] LO+NLO contributionsareincludedtogetherwith



(a) (b)

Fig. 43: Bjorken $ regionof CDFfor differentvaluesof %Hõ & for thesituationwhenoneof thequarksis in thedetectorvolume

(a),both % and% quarksarein thedetectorvolume(b).

theresummationof all termsof order -/.021 3 . ¤fY � + �54 ¥ and - .�6
70 1 3 . ¤fY � + �54 ¥ . Thesecontributionschange
theshapeof the Y � spectrum.Thusmeasurementsof high Y � single º -spectramaybe consideredasa
dedicatedtestfor theQCDresummationtechnique.

7.42 Measurementpossibilities

Experimentscanmeasurethedoublydifferentialcrosssection(�)
+�(	Y � (8! , whereY � and! arethetrans-
versemomentumandthepseudorapidityof a ç hadron,or of a jet associatedwith a ç hadron,or only
oneof thedecayproductsof a ç hadron(for example 9:+rÝ or ; ). Fromtheseexperimentallymeasured
quantities,the (�)
+�(	Y � (,! of theparentº -quarkcanbeextracted,usingappropriatemodelsof hadroniza-
tion anddecay.

Thedeterminationof theabsolutevalueof thecrosssectionis alsoimportant.Threeindependent
measurements(ATLAS, CMS andLHCb) canbe doneat the sameenergy. The determinationof the
absolutecrosssectionsis alwaysdifficult, sinceit requiresa preciseunderstandingof the luminosity,
of the triggerandreconstructionefficiency andof thebackgroundcontributions. Several techniquesof
luminosity measurementareunderstudy. It appearsthatprecisionsof Q j�ÿ could be achieved [127].
Theoverlapin thedetectionphasespaceof ATLAS, CMS andLHCb, in theregion V�U § \ ! \ ] UW­ and
Y�� � V�S GeV, canbeusedfor cross-checks.

7.43 Exclusivechannels

From trigger andoffline studiesandthe presentexperiencewith CDF it is known that the threeLHC
experimentscanprovide high statisticssamplesof someexclusive ç -decaychannelscleanlyseparated
from the background.The statisticallydominantchannelsarethosecontaining 9:+rÝ=<>;26�;�¯ ( ç@?A<
9:+rÝvl £ , ç@?B< 9:+rÝvlDC , çFEG< 9:+rÝ©lHE and ç £0 < 9:+rÝJI ), which arealsoneededfor CP violation
studies.Moreover, LHCb will cleanlyseparatelargestatisticsof purelyhadronicexclusivedecays,where
the dominantonesare ç@?K< L Ch¯�M26 and çN?O< L Ch¯QP 6� . With theseprocessesone can cover the
differential Y�� crosssectionmeasurementsstartingapproximatelyfrom Y�� � V�S GeV for ATLAS and
CMS and Y �O� ] GeV for LHCb respectively. Thenumbersof theseeventsafter threeyearsof run at
luminositiesof V�S  h  ��� ¯ P � ¯ � for ATLAS andCMS andfive yearsat ] ®ÈV�S   P ��� ¯ P � ¯ � for LHCb, are
shown in fig. 44asa functionof aminimal transversemomentumof the ç -hadronY � .



7.44 Inclusive º <R9:+rÝ
S channels

Theinclusive channelsº <T9:+rÝ
S canbeusedto extendtheavailablestatisticsfor productionmeasure-
mentsto high transversemomenta(fig. 44).

A preliminary study from CMS [128] shows that for Y:UWVYX� Q j�S�S GeV, which correspondsto
Y 4� Q ­�­�S GeV, a b-taggingefficiency of Q ­�S�ÿ canbe achieved with a 9:+rÝ massanddecaylength
reconstruction.This will give a signal-to-noiseratio of Q ] UW­ taking into accountthe predictionfor
prompt 9:+rÝ productionof ref. [93].

In ATLAS astudyhasbeendone[129] for events º <T9/+rÝ©¤Z;
; ¥ S in which the Y � of the º quark
waschosenlarger than50 GeV. In particular, it wasshown that themassresolutionof the 9:+rÝ will not
bedegradeddueto eventsin whichasignalreconstructedin themuonsystemis wronglyassociatedto a
non-muontrackin theinnerdetector.
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Figure(a)showstheATLAS expectationsfor inclusiveandexclusive a -hadronsdecaysto c � p after3 years,with anintegrated

luminosityof d�egfh% 	 þ . Thefull line correspondsto inclusiveevents,thedashedline to thesumof all exclusivechannels.Fig. (b)

shows the LHCb expectationsfor exclusive a -hadronsdecaysafter 5 years. The solid line is for all statisticallydominant

channels,thedashedline shows only thechannelswith a c � p in thefinal state.

7.45 Inclusive º -jet production

Anothermethodfor º productionstudiesdiscussedat theworkshopwasbasedon inclusive º -jet recon-
struction.In bothATLAS andCMS this techniquewasdevelopedfor theHiggssearch[130] [121]. The
º -jet crosssectionis expectedto bea small fraction (closeto or larger than2% for jetswith � � larger
thanabout20 GeV) of thesingle-jetcrosssection[131] [132]. If this methodis to beusedfor single º
quarkproduction,it will requireprescalingof the trigger for the lower Y � region or a cut on very high
transversemomenta(Y �D� V�­�S GeV), to reducethehugerateof non-º QCD background[133].

Figure45 shows thepreliminaryresultsof theCMS º -taggingefficiency andmistaggingproba-
bility for high � � jetsusingthetechniquedescribedin [134]. Thestudydemonstratesthat for tagging
efficienciesof j�­�ÿi� ­�­�ÿ themistaggingprobability is betterthan ] ÿ up to �2� Q ] S�S GeV. Beyond
that,the º -taggingefficiency andmistaggingprobabilitydeterioratesignificantly. Thealgorithmwill be
furtheroptimised,possiblyincludingleptonidentification.

Themethodof º crosssectiondeterminationbasedon inclusive º -jet identificationwill beheavily
dependenton thepreciseunderstandingof thenon º -jet rejectionfactors.Furtherfeasibility studieson
thismethodarenecessary.
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7.5 Correlationsin º production

7.51 Theoretical motivations

As discussedin Section2, theoverall normalisationof theproductioncrosssection,aswell asthenor-
malisationof theinclusive º spectra,remainuncertainwithin afactor Q ] becauseof inherenttheoretical
uncertainties.Thereforethemeasurementof thesevaluesdoesnot provide a sringenttestof NLO con-
tributions. The expectedcorrelationsbetweenthe º andthe º quarkscanbe computedin leadingand
next-to-leadingorder[5]. Theshapesof two-particledistributionsaresensitive to theNLO contribution,
andthuscanbeusedfor thesetests.In particular, distributionsin thefollowing quantitiesinvolving both
the º and º quarkcanbeconsidered:therelativeazimuthaldistancelmIF¤ º¼» º ¥ \ V , thepair invariantmass,
thepair transversemomentumandthepair rapidity.

7.52 Measurementpossibilities

Thechoiceof thedecaychannelsis drivenby therequirementthattheacceptanceshouldnotvanishwhen
the º andthe º areclosein phasespace.The goal is to avoid isolationcutsin both trigger andoffline
algorithmsrequiringa largeseparationbetweenthedecayproductsof the ç andof the ç . Theprocesses
underconsiderationarebasedon thereconstructionof a 9:+rÝ originatingfrom thedisplacedvertex of a
ç -hadron,andof anadditionalleptoncomingfrom thesemileptonicdecayof theassociatedç hadron.
For example,in theATLAS experiment,for anintegratedluminosityof j�Son º ¯ � , approximatelyQT­ ®hV�S ¶
sucheventsareexpected,with theexclusively reconstructedç -decayscontainingthe 9:+rÝ (Table15).
CDF andD0 measurementsshowed that º¼» º pairs aremostly producedback-to-back[135]. However
the region mostsensitive to differencesbetweenthemodelsis lmIF¤ º » º ¥ \ V rad,whereonly Q V ° ÿ of



theeventsareexpected[124]. Thestatisticsmaypossiblybeincreasedusingthesemi-inclusive decays
º º <R9:+rÝ
S accompaniedby a lepton(Table15). As an examplewe quoterecentstudiesin ATLAS
[129], performedusingsimulatedeventswith ç@?�< 9:+rÝvl £ , 9:+rÝ=<>; 6 ; ¯ . They indicatethat the
signaleventscanindeedbereconstructedin caseswhenthedifferenceof azimuthalanglesbetweenthe
9:+rÝ andtheothermuonis small(Fig. 46). It is importantto notethatno selectioncutsrequiringmodel
dependentcorrectionswerenecessary.

The study can be extendedto eventswith 9:+rÝ=<p; 6 ; ¯ accompaniedby an electronand for
9:+rÝq<sr 6 r ¯ combinedwith a muon or an electron. Using all thesecombinationsof leptonswill
allow the measurementof the samevariablesby differentdetectors,leadingto an improved control of
systematicerrors.
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Fig. 46: Reconstructionof % %|{}c�~��4ô�������� ÷o� usingcombinedMuon-Innerdetectoroff-line reconstructionin ATLAS.

Table15: Semi-inclusive andexclusive channelscandidatesfor %��% studies.Statisticsaregivenfor ATLAS after3 years,with

anintegratedluminosityof ��e|f�%�	 þ .
Inclusive channels Statistics Exclusive channels Statistics

with thesame
leptoncontent� � <s�/+g���Z;
;
�ZS �H; ������������� � � <s� P (*�:+g�G<p; 6 ;2���D; �������*������ � <R�:+g�J�Z;
;
�ZS �Or  ���¡�������� � � <s� P (*�:+g�G<>; 6 ;2�¢�Kr �������*������ � <R�:+g�J�Yr£r��ZS �H; ����¡�������� � � <R� P (*�:+g�G<sr 6 r'�¤�H; ����¥��*�����



7.6 Multiple heavy quark pair production

7.61 Theoretical motivations

At present,only the leadingordercalculation, ¦§�Y¨�©ª�� , is available [136] for the
�g�¬« ��« �

productioncross
section.Theeffectsof higherordercorrectionscanonly beestimatedusingtheeventgeneratorPYTHIA

5.7.Sincethepredictionsof PYTHIA appearto beabouta factorof 10above theleadingorderanalytical
calculations[137], furthertheoreticalstudiesareneeded.

7.62 Measurementpossibilities

Eventswith four
�

quarkscanbe identifiedin several ways,themostappropriateonedependingupon
thecontext. As a backgroundto Higgssearch,therequirementis four

�
jets in thefiducial volume.For

thepurposeof testingQCDpredictionsondouble
�

production,it maybesufficient to reconstructevents
with three

�
quarksin thefiducial volume.For three

�
quarkswith ­�®D¯G��� GeVand ° ±
°b²G����³ , PYTHIA

givesacrosssectionof �g´�� nb,whichcorrespondsto 140eventsproducedpersecond.Despitethis large
number, it will benecessaryto definefeaturesallowing on-lineselectionof theseeventsin thepresence
of hugenon-

�
andsingle

�
backgrounds.

As a sourceof an incorrecttag in CPviolation measurements,the relevant
����« ��« �

eventsarethose
with two

�
hadrons,producedwith thesameflavour charge, identifiedin thefiducial volume,while two

other µ -hadrons,producedwith the oppositeflavour, arenot detected.A direct measurementof this
casecouldusereconstructedchargedmesonsor baryons,which areself-tagging.However theexpected
statisticsof theseeventsis insufficient. In fact,double

�
productionis expectedto beonly aminorsource

of wrong tags[138]. Techniquesexist to determinethewrong-tagratefrom all processesregardlessof
its origin, whichdoesnotneedto beidentified[138].

Similar to thecaseof double
�

production,theproductionof doublyheavy hadrons,suchasthe
µ@¶·� � �=¸ , ¹»º ¶ � � �=¸ , etc., refersto an ¦§�Y¨�©ª�� lowestorderQCD process,andalsoprovidesa test
of perturbative QCD calculations.Thequestionof higherorderQCD contributionsand,probably, non-
perturbative contributionsis still open[139]. Thetotal productionratein this casewill notbeindicative
enoughto establishthe role of differentproductionmechanisms,andthe measurementshouldinstead
concentrateon thespecificevent topologies.In particular, variouscorrelationsbetweenparticlescarry-
ing charmandbottommaybeof importance.

Measurementpossibilitiesareunderinvestigationfor the channelµ½¼¿¾YÀ¶ Á �:Âg�
Ã [140] . A list
of possiblesemileptonicand nonleptonic µ@¶ decayscan be found for instancein[141]. The decays
µ ¼¿¾YÀ¶ Á �:Âg�
Ä
Å , µ ¼Æ¾YÀ¶ Á �/Âg�2Ç:È , µ ¼¿¾YÀ¶ Á �:Âg��ÉHÈ ¾ , µ ¼¿¾YÀ¶ Á �:Âg��Ê¢Èª areotherpotentiallyinteresting
modes.

7.7 Other measurements

µ hadronswith non-zerospin canbe polarizedperpendicularto their productionplane. Polarization
measurementsof

�
hadronsproducedin nucleonfragmentationcould clarify the problemsof different

polarizationmodels[142] thatfailedto reproducetheexistingdataonstrangehyperonproduction[143].
In particular, informationaboutthe quarkmassdependenceof polarizationeffectscould be obtained.
For symmetryreasons,in ­*­ collisionsthis polarizationvanishesat zerorapidity, so that the expected
observed polarizationin ATLAS andCMS will besmallerthanin themoreforward LHCb. Using the
methodof helicity analysesof cascadedecayËNÌº Á ËNÌ��:Âg� the ËNÌº polarizationcanbe measuredin
ATLAS with a precisionbetterthan0.016[144]. Anotherapproachto Ë Ì º polarisationmeasurement,
usingthesamedecaychannelcanbefoundin [145].

In proton-protoncollisionsa charge productionasymmetryof
�

hadronsis expected.Theasym-
metry is definedasthe differenceof productionprobabilitiesof a µ hadronandits antiparticle. From
the theoreticalpoint of view, theasymmetriescanprovide informationon theeffectsof soft dynamics



duringthefragmentationandhadronization(i.e., on thesoft interactionsbetweentheproduced
�

quark
andtheremnantsof thedisruptedproton).Therelevantphysicaleffectsareexpectedto beunimportant
[47] [146] [30] in thecentralrapidity region coveredby ATLAS andCMS. In themoreforward region
of LHCb theasymmetrymay rise to a few percent.A detailedtheoreticaldiscussionof this issuesare
givenin Section5.

Any productionasymmetryis alwaysmeasuredin thepresenceof aCPviolationasymmetryorig-
inatingfrom µ -hadrondecays.In somecasesthesetwo effectsareexpectedto beof thesameorder. This
is thecase,for instance,in thechannelsµ@Í Á �:Âg��É ¾ �YÉDÈ�Ã2�Î� , µ½È Á �:Âg�JÉDÈ and Ë@Ìº Á Ë@Ì��:Âg� ,
which areexpectedto have a smallCPviolation ( ²i��Ï ). A way of estimatingtherelative sizeof these
two effectsmaybebasedonthefactthattheproductionasymmetryvarieswith thetransversemomentum
andtherapidityof produced

�
-quark,while thedecayasymmetryshouldremainthesame.Measurements

of suchsmalleffectswill requiregoodunderstandingof thepossibleinstrumentaldetectionasymmetries.

7.8 Conclusions

Thepropertiesof
�

productionat theLHC canbe measuredby the threeexperiments,which arecom-
plementaryin phasespace. The small overlap region will allow a crosscheckon the crosssection
normalization. The kinematicconditionsaresuchthat Bjorken Ð valuessampledin b-productionare
above 10�Ñ� , a region lower thanat theTevatron,but alreadycoveredby HERA. Differentialcrosssec-
tion measurementsusingexclusive µ hadrondecayswill bemostimportantat small ­�® values.At high
­�® valuesandfor correlationsandmultiple heavy flavour productionmeasurements,the statisticscan
beincreasedby semi-inclusive µ decayscontaining�:Âg� . Possiblemethodsusing

�
-jetsrequirefurther

study, to control thenon-
�

QCD background.TheenormousLHC statisticswill alsoallow to studythe
productionpolarizationandchargeproductionasymmetries.

8. TUNING OF MUL TIPLE INTERA CTIONS GENERATED BY PYTHIA 10

8.1 Intr oduction

Thetrackmultiplicity distributionaswell asthetransversemomentumdistributionof chargedparticlesin
proton-protoninteractions(theso-calledminimumbiasevents)affect theperformancesof thelow level
triggersandthedetectoroccupancy of theLHCb experiment[147]. They shouldthereforebemodelled
reliably in MonteCarloprograms.In particular, atLHC energies,multiple interactionsplayanimportant
role,andshouldnotbeneglected.

In Section8.2 we examinethemultiple interactionmodelsavailablein PYTHIA [37] to describe
theeventstructurein hadron-hadroncollisions. In Section8.3we selecta compilationof homogeneous
dataat differentenergies suitableto tune the multiple interactionsparametersof PYTHIA; the tuning
procedureis presentedin Section8.4. We usethe phenomenologicalextrapolationsat LHC energy
in orderto get the predictionsfor the track multiplicity andthe transversemomentumdistributions in
minimumbiasand

� �
events;thesearereportedin Section8.5.

8.2 Multiple interaction models

The multiple interactionsscenariois neededto describethe multiplicity observablesat hadroncollid-
ers[148] andis alsosupportedby direct observation [149] [150] [151]. The basicassumptionis that
severalparton-partoninteractionscanoccurwithin asinglehadron-hadroncollision. Fourdifferentmod-
els areavailable in PYTHIA. The main parameterof thesemodels, Ò/®�Ó:ÔÖÕ , is the minimum transverse
momentumof theparton-partoncollisions; it effectively controlstheaveragenumberof parton-parton
interactionsandhencetheaveragetrack multiplicity. Thedifferencesbetweenthe four models,which
mainlyaffect theshapeof themultiplicity distribution,arethefollowing:

10Sectioncoordinators:P. Bartalini,O. Schneider.



× Model1 (default in PYTHIA)
All the hadroncollisions are equivalent (as opposedto model 3 and 4 below) and all the

parton-partoninteractionsareindependent;the Ò ®�Ó:ÔÖÕ parameterrepresentsanabruptcut-off.
× Model2

SameasModel 1 but with acontinuousturn-off of thecrosssectionat Ò/®�Ó:ÔÖÕ .
× Model3

SameasModel 2, but hadronicmatterin the colliding hadronsis distributedaccordingto a
Gaussianshape,andavaryingimpactparameterbetweenthetwo hadronsis assumed.

× Model4
SameasModel3 but thematterdistribution is describedby two concentricGaussiandistribu-

tions.

The varying impact parametermodels(Models 3 and 4) were developed[148] to fit the UA5
data[152]. A recentstudyperformedby theCDF collaboration[153] concludesthata varying impact
parametermodel(Model3) is alsopreferredto describetheunderlyingtracksin

�
eventsproducedat the

Tevatron.

In the absenceof publishedresultson multiplicity distributions in minimum biaseventsat the
Tevatron,we compareagainthepredictionsof Model 1 andModel 3 with theUA5 data,usingthefinal
chargedmultiplicity distribution from thefull ­*­ datasamplecollectedby UA5 at Ø ÙJÚG³g´�¡ GeV[154],
arecentversionof PYTHIA11, andamodernsetof partondistribution functions,CTEQ4L[14], tunedon
bothHERA andTevatrondata. For this comparison,themainmultiple interactionsparameter( Ò/®�Ó:ÔÖÕ )
is tunedin eachmodelto reproducethemeanvalueof themeasuredchargedmultiplicity distribution in
notsinglediffractive events12 ( ²GÛ ¶�Ü ¯oÚÝ��¥�� ´JÞß���� àÞá����¥ ). Weobtain Ò/®�Ó:ÔÖÕFÚ=����¡� 2Þß������� for Model
1 and Ò/®�Ó:ÔÖÕAÚâ����¥�ãoÞq������  for Model 3. Theshapesof themultiplicity distributionsarecomparedin
fig. 47. It is clearthatModel3 is preferredoverModel1 to describetheUA5 data.In particulartheshape
of thetail athighmultiplicities is reproducedmuchbetterby Model3. TheUA5 resultsarecorrectedfor
thelower efficiency expectedon doublediffractive events.Thereforethesimulatedsamplesincludethe
generationof all kind of nonsingle-diffractive events. Theuncertaintyin thediffractive crosssections
relative to the partoniconescanaffect the observed discrepanciesbetweenthe dataand the PYTHIA

predictionsin thelow multiplicity region13.

8.3 Mean chargedmultiplicity at äqåçæ
In ordertoproducerealisticPYTHIA predictionsfor themultiplicity observablesin theLHC environment,
it is necessaryto take into accounttheenergy dependenceof the Ò ®�Ó/ÔèÕ parameter. Unfortunatelythere
arenot many publisheddataconcerningthechargedmultiplicity distribution in minimumbiaseventsat
hadroncolliders. On theotherhandtherearesomedataavailablerelative to theaveragechargedmul-
tiplicity in nonsingle-diffractive events,in particularfor thecentralpseudo-rapidityregion. Therefore,
to studytheenergy dependenceof the Ò/®�Ó:ÔÖÕ parameteratgeneratorlevel, we consideranhomogeneous
sampleof correctedaveragechargedmultiplicity measurementsat six differentcenter-of-massenergies
( Ø ÙAÚ¤³�� , ����� , ³g´�¡ , ¡� �� , ¥���� and ������� GeV) in the pseudo-rapidityregion ° ±
°Î²p������³ [156] [157].
The energy dependenceof é*Û ¶�Ü Â�é8± at ±OÚ>� is shown in fig. 48atogetherwith the fit of a quadratic
functionof ê ëì�YÙ'� proposedin Reference[157]; usingthis fit to extrapolateatLHC energy wouldpredict
é*Û ¶�Ü Â�é,±íÚÝ¡������îÞK������¥ at ±ïÚÝ� .

11Version6.125[155] wasusedfor all thestudiesreportedhere.
12In thispaperwe defineas“non single-diffractive event” any inelastichadron-hadroninteractionthatcannotberegardedas

a singlediffractive event; in theframework of thePYTHIA hadronicinteractions,the“non single-diffractive” sampleincludes
the ðà{ñð partonicprocessesandthedoublediffractive hadron-hadroninteractions.

13The ògò crosssectionspredictedby PYTHIA at ó ôÎõHö�÷�ø GeV are ��ù�úüû mb for thepartonicprocessesand ö�úý� mb for the
doublediffractive processes.
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by UA5 [154] comparedwith PYTHIA predictionsusingtheCTEQ4Lpartondistribution functionsandeitherModel 1 (solid)

or 3 (dashed)for multiple interactions.In eachcasethe ��������� parameterhasbeentunedto reproducethemeanmultiplicity

measuredin thedata.

8.4 Tuning of the multiple interaction parameter 	�

�����
Theaveragechargedmultiplicity measurementsperformedonnonsingle-diffractive datain ­�­ collisions
anddescribedin Section8.3areusedto tunethemainmultiple interactionparameterin PYTHIA, Ò�®�Ó/ÔèÕ .
We generatenon single-diffractive events. At eachvalue of Ø Ù , the Ò/®�Ó:ÔÖÕ parameteris adjustedto
reproducethe averagemultiplicity measuredin the data. The uncertaintyon the tunedvalueof Ò/®�Ó:ÔÖÕ
reflectsthe uncertaintyon the data. However, the tunedparametersdependon other aspectsof the
PYTHIA simulation: in particularthe effectsof variouschoicesfor the multiple interactionmodeland
thepartondistribution functionsareinvestigated.For simplicity, the resultsof thesestudiesareshown
only for somerepresentative settings:

× asanexampleof pre-HERApartondistribution functionswe considertheCTEQ2L[99] setused
by default in PYTHIA versions5.7,but recentlyretractedby theirauthors;

× as an exampleof post-HERApartondistribution functionswe considerthe CTEQ4L [14] and
GRV94L [158] sets,thelatterbeingthenew default in PYTHIA versions6.1.

Thisstudyis restrictedto Models1 and3 for multiple interactions(seeSection8.2).

The resultsof the tuning procedureare shown in fig. 48b: in eachcase, Ò�®�Ó:ÔèÕ appearsto be
monotonicallyincreasingasa functionof Ø Ù . This dependenceis muchmorepronouncedfor thepost-
HERA partondistribution functionsregardlessof thechoicefor themultiple interactionsmodel.

It was shown in Reference[159] that the post-HERA parton distribution functions imply an
energy-dependentÒ/® cut-off. This is heuristicallymotivatedby the Lipatov-like dependenceof the
gluonicpartondistribution functionin thesmall-Ð limit:

Ð����ZÐ������*� Á���� ë��� "!gë
 $#¢Ð �&%(' �*) Ð Á � (35)

with +-,Ý������� , while thepre-HERApartondistribution functionsgive a reducedchargescreeningeffect
andconsequentlyalesssensitive runningof the Ò/® cut-off. This is heuristicallymotivatedby theRegge-
like dependenceof thegluonicpartondistribution functionin thesmall-Ð limit:

Ð����ZÐ���� � � Á���� ë��� "!gë
 ' �*) Ð Á � � (36)
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b) ó ô -dependenceof the � ������[ parameterfor variouspartondistribution functionsandmultiple interactionsmodels. The

pointswith errorbarsaretheresultsof thetuningprocedureonthedata.Thecurvesaretheresultsof thefits throughthepoints

assumingthefunctionalform of Equation37andarecharacterizedby theparametersgivenin Table16.

Table 16: Resultsof the fits describingthe exponentialrunning of the PYTHIA multiple interactionsparameter�������\[ for

differentpartondistribution functionsandmultiple interactionsmodels.

Mult. int. model PDF Ò^]`_ba®�Ó:ÔÖÕ (GeV/c) +
3 CTEQ2L c*d�¥�¥îÞfe*dgc*c e*dgeg´�hîÞfe*dge*e*i
3 GRV94L ´�dge*iîÞfe*dgjg´ e*dgc*e*kîÞfe*dge*e*i
3 CTEQ4L k*d ´�ãîÞfe*dgc�ã e*dge*h�ãîÞfe*dge*e�³
1 CTEQ4L k*dgc*jîÞfe*dgc*i e*dgc*e*eîÞfe*dge*e�³

In order to extrapolateÒ/®�Ó:ÔÖÕ at LHC energy, oneneedsto find a reasonablefunction to fit the tuned
Ò/®�Ó:ÔÖÕ valuesasa functionof Ø Ù for thedifferentpartondistribution functionsandmultiple interactions
models;a four degreeof freedomfit is performedusingthefollowing exponentialform, inspiredby the
recentimplementationsaddedin PYTHIA sinceversion6.120[155]:

Ò/®�Ó:ÔÖÕ&l Ø ÙnmAÚ Ò ]`_ba®�Ó:ÔÖÕ Ø Ù
cg´po�q�r

� % d (37)

The fitted functionsaresuperimposedon fig. 48b andthe resultsobtainedfor the fitted parameters+
and Ò ]s_ba®�Ó:ÔÖÕ aregivenin Table16. Thisquantitative analysisdemonstratesthatthepower law expressedin
Equation37holdsfor valuesof + between,te*dge*h and ,ue*dgc*e if post-HERApartondistribution functions
areused,andfor somewhatsmallervaluesof + ( ,te*dge�³ ) for thepre-HERApartondistribution functions.



8.5 PYTHIA predictionsat LHC energy

Figures49aandb show multiplicity andpseudorapiditydistributionsfor chargedparticlespredictedby
PYTHIA at LHC with CTEQ4L andModel 3 for multiple interactions.The valueof Ò/®�Ó:ÔÖÕ at LHC is
obtainedby anextrapolation

Ò ]`_va®�Ó:ÔèÕ Ú Ò^w*x@y�zF{�|~}F�®�Ó:ÔèÕ cg´�o�q�r
c*dgh$o�q�r

� %
(38)

where Ò w*x@y�zF{�|~}F�®�Ó:ÔÖÕ is the Ò/®�Ó:ÔÖÕ valuetunedat theTevatronenergy of c*dghpo�q�r . For theparameter+ , we
adopttheresultsgivenin Table16. It is importantto notethat thepredictionsé*Û ¶�Ü Â�é8±ßÚ�i*dgk*e�Þ�e*d ´�j
(for +�Ú�e*dge*h�ã���e*dge*e�³ ) at ±GÚ�e areconsistentwith the phenomenologicalfit displayedin fig. 48a
( é*Û ¶�Ü Â�é,±íÚui*dgc*cîÞfe*dgj�¥ ).

In ordertodemonstratetheimportanceof thecorrectÒ ®�Ó:ÔÖÕ extrapolation,figs.49aandbalsoshow
resultsobtainedby assumingÒ ]`_ba®�Ó:ÔÖÕ ÚçÒ w*x@y�zF{�|~}F�®�Ó:ÔèÕ , i.e. +JÚ�e not supportedby thedataasdemonstrated
in Section8.4. Themultiplicity distribution hasa tail at high multiplicities and é*Û ¶�Ü Â�é8± at ± Ú�e is not
consistentwith thatobtainedfrom thephenomenologicalfit.
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Fig. 49: PYTHIA predictionsat LHC energy, usingthe CTEQ4L partondistribution functionsandModel 3 for multiple in-

teractionswith ��������[ given by Equation38: the solid and dasheddistributions correspondto the centralvalue and JvV��
uncertaintiesof thefitted value �2õíù�ú ù*KgûvJ ù�ú ùgùbö . Thedottedhistogramis obtainedwith �2õíù , i.e. usingthe �������\[ value

tunedon Tevatron dataand ignoring its energy dependence.a) Charged track multiplicity in the entire ÷�� solid angle. b)

Averagechargedtrackmultiplicity perunit pseudorapidity, asa functionof pseudorapidity.

Figure50 shows thesamedistributionsasfig. 49, but for theCTEQ2Lpartondistribution func-
tions. It is interestingto notethat, oncethe extrapolationof Ò/®�Ó:ÔÖÕ is properlydone,thereis no large
differencebetweenthe multiplicity and pseudorapiditydistributions obtainedwith different structure
functions.

Figure51a-dcomparethePYTHIA predictionsfor themultiplicity andtransversemomentumdis-
tributions in the LHCb angularacceptance( c*dgh�²â±G² ´�d�¥ ) betweenminimum biasand � � events14.
Thesepredictionsareobtainedwith CTEQ4L,multiple interactionsModel 3 andtheproper Ò/®�Ó:ÔÖÕ ex-
trapolation. They show clear differencesbetweenminimum bias and � � events, in particularhigher
averagemultiplicity andtransversemomentumfor � � events.

14The � � eventsareselectedamongtheminimumbiasevents.
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Fig. 50: PYTHIA predictionsat LHC energy, using the CTEQ2L partondistribution functionsand Model 3 for multiple

interactionswith � �����\[ given by Equation38: the solid anddasheddistributionscorrespondto the centralvalueand JvV��
uncertaintiesof thefitted value �2õíù�ú ùg÷*KvJ ù�ú ùgùbø . Thedottedhistogramis obtainedwith �2õíù , i.e. usingthe �������\[ value

tunedon Tevatron dataand ignoring its energy dependence.a) Charged track multiplicity in the entire ÷�� solid angle. b)

Averagechargedtrackmultiplicity perunit pseudorapidity, asa functionof pseudorapidity.

PYTHIA predictionswith multipleinteractionsModel1 for themultiplicity andtransversemomen-
tumdistributionsareshown in fig. 52 for minimumbiasand � � events.Comparedto theresultsobtained
with Model 3, lesssignificantdifferencesbetweenminimum biasand � � eventsis observed. In Sec-
tion 8.2we have stressedthata varyingimpactparametermodelfor multiple interactions(i.e. Model 3)
is neededto describethechargedtrackmultiplicity in hadron-hadroninteractions.Therearearguments
in favour of adoptingamultiple interactionsmodelwith varyingimpactparameterto describetheheavy
flavour productionat hadroncolliders [160], thoughthereareno experimentaldataat low transverse
momentumandhigh pseudorapidity(i.e. in theLHCb acceptanceregion). A moredetaileddiscussion
on theeffect of multipartoninteractionsin � � eventsatLHCb canbefoundin Reference[161].

8.6 Conclusions

ComparisonsbetweenPYTHIA andexperimentaldatademonstratethat,in orderto reproducethecharged
trackmultiplicity spectrum,avaryingimpactparametermodelhasto beadopted.

Thevarying impactparametermodelspredictsensitive differencesin multiplicity and Ò/® distri-
bution betweenlight andheavy flavour events.

The runningof the Ò ® cut-off parameterin PYTHIA multiple interactionsis mandatory. Predic-
tionsmadeat LHC energy with a fixed Ò/® cut-off tunedat lower energiesoverestimatethemultiplicity
observables.Takinginto accounttherunningof the Ò ® parameteris evenmoreimportantif post-HERA
partondistribution functionsareused.
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Fig. 51: PYTHIA predictionsfor chargedtracksin theLHCb acceptanceusingtheCTEQ4Lpartondistribution functionsand
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