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Abstract

A new measurementof theinclusive anddi
�

erentialproductioncrosssectionsof

J��� mesonsandb-hadronsin proton-antiprotoncollisionsat � s � 1960GeV is

presented.Thedatacorrespondto anintegratedluminosityof 39.7pb� 1 collected

by theCDFRunII detector. Theintegratedcrosssectionfor inclusive J��� produc-

tion for all transversemomentafrom 0 to 20 GeV� c in therapidity range� y �
	 0 � 6
is found to be 4 � 08 � 0 � 02(stat)  0 � 36� 0 � 33(syst) � b. The fraction of J��� eventsfrom

thedecayof thelong-livedb-hadronsis speratedby usingthelifetimedistribution

in all events with pT (J��� ) � 1 � 25 GeV� c. The total crosssectionfor b-hadrons,

including both hadronsand anti-hadrons,decayingto J��� with transversemo-

mentagreaterthan1.25GeV� c in therapidity range� y(J��� ) ��	 0 � 6, is foundto be

0 � 330 � 0 � 005(stat)  0 � 036� 0 � 033(syst) � b. Usinga MonteCarlo simulation of thedecay

kinematicsof b-hadronsto all final statescontaining a J��� , thefirst measurement

of the total singleb-hadroncrosssectiondown to zerotransversemomentumis

extractedat sqrts � 1960GeV. Thetotal single b-hadroncrosssectionintegrated

overall transversemomentafor b-hadronsin therapidity range� y ��	 0 � 6 is found

to be17� 6 � 0 � 4(stat)  2 � 5� 2 � 3(syst) � b.
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Chapter 1

Intr oduction

1.1 The Standard Model

Thestandardmodelis fundamentaltheorywhich tell us from what this world is

madeof, andhow they arehold together. In thecontext of thestandardmodel,all

mattersarecomposedfrom threekinds of elementaryparticles: leptons,quarks

andguagebosons.

Thereare6 “flavors” of quarks,“up(u)”, “down(d)”, “charm(c)” , “strange(s)”,

“bottom(b)” and “top(t)”. They fall into three generations(Table 1.1). Each

quarksis assigneda baryonnumber, B � 1� 3. Also, eachquark is assigned

quantumnumbercharmness,strangeness,bottomnessandtopness.For u andd

quarks,c � s � t � b � 0, andfor c quark,c � 1 ands � t � b � 0. For s quark,

s �0' 1 andc � t � b � 0. Therearealsoantiquarksfor each6 flavors,all signs

1



arereversed.

flavor charge charmness strangeness topness bottomness

1st generation
u & 2

3 0 0 0 0

d -1
3 0 0 0 0

2nd generation
c & 2

3 1 0 0 0

s -1
3 0 -1 0 0

3rd generation
t & 2

3 0 0 1 0

b -1
3 0 0 0 -1

Table1.1: 6 flavorsof quarks.Eachquarkhasfragmentcharge & 2
3 or ' 1

3

.

Similar to thequarks,therearesix leptons,e, 1 e, � , 1 mu, 2 and 1 tau (Table1.1).

They fall into threegenerations.Thenumberof leptonsof thesametype,Le for e

and 1 e, areconservedin any interaction.Therearealsosix antileptons,all signs

arereversed.Becauseof theconservationof theleptonnumber, amuondecaysas

�3 � e 
1 e ¯1 � , but �4 � e 65 is not allowed.

Besidesabove leptonsandquarks,thereareparticleswhich mediateinterac-

tions. Unlike leptonsandquarks,theseparticleshave spin 1 andcalledgauge

boson.Thereare4 interactionsandeachinteractionhasits mediateboson.The

intermediator for the electromagneticinteractionis the photon. The weakinter-

actionis mediatedby 3 bosonsW 7 andZ. Thestronginteractionis mediatedby

2



charge Le L� L(
1st generation

e -1 1 0 0

1 e 0 1 0 0

2nd generation
� -1 0 1 0

1 � 0 0 1 0

3rd generation
2 -1 0 0 1

1�( 0 0 0 1

Table1.2: 6 typesof leptons.Le, L� andL( areelectronnumber, muonnumber

andtauonnumber, respectively.

8 gluons,andinvolvesonly quarksbut not leptons. The gravity is mediatedby

graviton, but thegravity is tooweakandnot includedin thestandardmodel.

Within theelectroweakandstronginteraction,thequarkflavorsareconserved,

while weak interactionmediatedby the W 7 can changethe flavors. That is, a

quarkcandecayinto lighter quarkplusW, for exampleb � cW whereW decay

to quark-antiquarkpair or leptonandits neutrino.

1.1.1 Strong Interaction

In stronginteraction,“color” plays the role of charge. Whereasthereonekind

of electriccharge in electromagneticinteraction(positive or negative), thereare

threekind of color chargesin stronginteraction,red,greenandblue. Eachquark

3



hasoneof thethreecolorsandanti quarkhasanti color charge. Thecolor charge

is conservedlike electriccharge is conserved. Stronginteractionworksonly be-

tweenquarks,but not with leptonssinceleptonsdo not carry color. Strongin-

teractionbind quarksinto hadrons,suchasprotonor pion. Also, force between

nucleonsis strongforce,andstronginteractionis responsiblefor bindingprotons

andneutronsinto a nucleus.

8:9<;>= 8:9<?@=

A.9B;DC?@=
E:F

Figure1.1: Primitivevertex of quarkplusgluon.

Quarksinteracteachotherby exchangingthe gluons. A primitive vertex of

Feynmandiagramis depictedin Fig. 1.1. Thestrengthof theinteractionis repre-

sentedby a strongcouplingconstant, s. In thefigure,a blueup quarkconverted

into a red up quark. The color of the quarkmay changewhile the flavor of the

quarkstayunchanged.Becausethecolor is conserved, thegluon involved must

have carry thecolor (br̄ in Fig. 1.1). Gluonscarryonecolor andoneanti color,

andthereare8 gluons.Forcebetweenquarksis describedby combining theprim-

itive vertices,for exampleFig. 1.2. Sincethegluonsthemselves carry thecolor

unlike thephotonin electromagneticinteraction,they coupleeachotherandthere

areotherprimitive verticesshown in Fig 1.3. This leadsto anti-screening,and
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Figure1.2: Quarksinteracteachotherby exchangingagluon.

Figure1.3: Gluonscouplingthemselves.

confinementof quarksinto hadrons.Thequarkprobedat long distancehasmore

color chargeby cloudof gluonsandbigger , s, while quarkprobedat small dis-

tancehaslesscolor charge by cloud of gluonsandsmaller , s. This weakingof

strongcouplingconstantis called“asymptoticfreedom”.
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1.1.2 Quark Production CrossSection

Factorizationtheorem[16] allows to calculatequarkproductioncrosssectionin

pp̄ collisions, and b-hadronproductioncrosssectioncan be schematicallyde-

scribedas

 (pp̄ � HbX)
dpT (Hb)

� f pI p̄ J  (qq � gg � qg � bX)
dpT (b)

J DbK Hb L (1.1)

where f pI p̄ denotesproton structure,  (qq � gg � qg � bX) � dpT (b) denotespa-

toroniccrosssectionwhich is calculablein termsof perturbativeQCD,andDbK Hb

denotesfragmentationof b quarkto b-hadron,respectively. In Fig. 1.4,example

of Feynmandiagramsinvolved in patoroniccrosssectioncalculationat Leading

Order(LO), areshown. At Next-to-LeadingOrdercalculation(NLO), in addition

M

M

NO

O

P:Q

P Q

R
S

S

TU

U

V:W V:W X

Y

ZY

Z[

[

\�] \�]

Figure1.4: Feynmandiagramsfor qq̄ productionatLeadingOrder.

to theLO diagrams,realgluonradiation,virtual gluonexchangeandgluonsplit-

ting diagramsareinvolved. Theexampleof NLO diagramsareshown in Fig. 1.5.
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Figure1.5: Feynmandiagramsfor qq̄ productionatNext-to-LeadingOrder.

1.2 History

The b crosssectionmeasurementsin hadroncollider wasstartedby UA1 exper-

iment at the Sp̄pS( � S � 630 GeV) collider [17,18]. Their resultwas in good

agreementwith next-to-leadingorder(NLO) QCDcalculations[4,8,19].

In 1992, CDF Run I reportedexclusive B-mesoncrosssectionthroughthe

decaychainB7 � J��� K 7 [20]. Theresultswere

 (pp̄ � B� X; pT � 9 � 0GeV� c L � y �
	 1 � 0)

� 2 � 8 � 0 � 9(stat) � 1 � 1(syst)� bL (1.2)

andb-quarkcrosssectionwas

 (pp̄ � bX; pT � 11� 5GeV� c L � y �
	 1 � 0)

� 6 � 1 � 1 � 9 � 2 � 4� bL (1.3)

while thetheorypredictionof b-quarkcrosssectionis [4,19]

 (pp̄ � bX; pT � 11� 5GeV� c L � y ��	 1 � 0) � 1 � 1 0 � 5� 0 � 4� b � (1.4)
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Theratioof themeasurementto thetheoryis factorof 6 andthiswasasasurppris-

ing result,althoughtheerroron themeasurementwasbig. Later, CDF published

b-quarkcrosssectionmeasurementfrom inclusive J � , � (2S ) [3] and inclusive

leptons[1,2]. Theresultsareshown Fig. 1.6. Theresultswereconstantlyhigher

thanprediction. CDF measuredb-quarkcrosssectionin exclusive decaymode

B̄0 � J��� K̄ p 0(892)[21] andreportedthecrosssection

 (pp̄ � bX; pT � 11� 5GeV� c L � y �
	 1 � 0)

� 3 � 7 � 1 � 6(stat) � 1 � 5(syst)� b � (1.5)

Theresultwaslower thanprevious b-quarkcrosssectionmeasurementin exclu-

sivedecaymode[20] but higherthantheprediction[4,19]. In 1995,CDFreported

the measurementof di
�

erentialB mesoncrosssectionin exclusive decaymode

B  � J��� K  andB0 � J��� K p 0(892) with 19� 3 � 0 � 7 pb� 1 of data[5]. The re-

sult is shown in Fig. 1.7 andthe resultsarehigherthantheprediction. In 2001,

CDF reportedanotherdi
�

erentialB mesoncrosssectionmeasurementin exclu-

sive decaymodeB  � J��� K  with increaseddataof 98� 4 � 4 pb� 1 [7], andthe

resultis shown in Fig. 1.8. Themeasurementwasstill higherthanthetheoritical

prediction.

FromtheTevatron,D0 experimentalsopublishedthemeasurementsof b cross

section[11,22–25]. Their resultswerealsohigherthanthepredictionasshown

in Fig. 1.9. Theresult[24] of themeasurementof b productionat largerapidity

showedlargerdisagreementthancentralregionbetweenthemeasurementandthe
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theoryasshown in Fig.1.10.

Several theoreticalexplanations weresuggested:higher-ordercorrectionsare

large, intrinsic kT e
�

ectsare large [26], extremevaluesof the renormalization

scalesare needed,or new methodsof resummation and fragmentationare re-

quired[12,13,27,27]. Theoriesof new andexotic sourcesof b-hadronshavealso

beenproposed[28]. Although, new calculationmethodFONLL [12,13] showed

decreaseddiscrepancy betweentheorypredictionandCDFRunI asshown in Fig.

1.11,theproblemis notyet solved,alsoa
�

ectedtheearlierTevatronexperiments

coversonly apartof theinclusive pT spectrum.

An inclusive measurementof b-hadronproductionover all transversemo-

mentacanhelpresolve this problem.Bottomhadronshave long lifetimes,on the

orderof picoseconds[29], whichcorrespondto flight distancesof severalhundred

micronsat CDF. The measureddistancebetweenthe J��� decaypoint and the

beamlineis usedto separateprompt productionof charmoniumfrom b-hadron

decays.The b-hadroncrosssectionis thenextractedfrom the measurementof

thecrosssectionof J��� mesonsfrom long-livedb-hadrons.In this paper, thefirst

measurementof theinclusiveb-hadroncrosssectionat � s � 1960GeVmeasured

overall transversemomentain therapidity range� y ��	 0 � 6 is presented.
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Figure1.6: CDF RunI resultsof b-quarkcrosssectionby inclusive leptons[1,2]

and,inclusive � and ��� [3], togetherwith comparisonto the predictionof NLO

QCD calculation[4]. Dashedlines indicatethe uncertaintiesin the prediction.

Measuredcrosssectionsare higher than the prediction, thoughstill consistent

within theuncertainties.
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Figure1.7: B mesondi
�

erentialcrosssectionmeasuredby CDF RunI [5] using

19.3 � 0.7pb� 1 of data,with comparisonto NLO QCD [4,6] basedMonteCarlo

simluation. Dashedlines indicatethe uncertaintiesin the prediction. Measured

crosssectionis againhigherthantheprediction,thoughstill consistentwithin the

uncertainties.
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Figure1.8: B  mesondi
�

erentialcrosssectionmeasuredby CDFRunI [7] using

98� 4 � 4 pb� 1 of data,with NLO QCD calculation[4,8] usingtheMRST parton

densityfunction[9,10,10]. Datapointsareconstantlyhigherthantheprediction.
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Figure1.9: b quarkproductioncrosssectionmeasuredby D0 [11] measuredby

D0, with comparisonto theNLO QCDpredictioncomputedusingRef. [6].
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Figure1.10: Thecrosssectionof muonsfrom b quarkdecayasa functionof � y���
measuredby D0, with NLO QCDprediction.
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Figure1.11:Predictionby FONLL [12] with comparisonto CDFRunI measure-

ment[7].
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Chapter 2

The experimentalapparatus

Thedatausedfor this analysisis collectedby theCDF (Collier Detectorat Fer-

milab), locatedin theFermilab. TheCDF is a generalpurposedetectorto study

eventsof collisionsof proton-antiproton acceleratedby theTevatron. TheTeva-

tron is highest-energy proton-antiproton acceleratorin the world. Besidesthe

CDF, the Tevatron hasanothercollision point andthe datais collectedandana-

lyzedby theD0 experiment.

Both theaccelerator andthedetectorareundergonemajorupgradesbetween

1997and2001. The energy in the cmsis increasedto 1.96 TeV, instantaneous

luminosity is increasedandnumberof bunchesis increasedto 36 which corre-

spondto 396 nscrossings.The CDF mustaccomplishmaximumresponsetime

shorterthan that for dead-time-lessdataacquisition. In the following sections,

moredetaileddescriptionof theacceleratorandthedetectoris given.
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2.1 Acceleration andcreationof protonandantipr o-

ton

At two interactionpointsB0 andD0 of theTevatron,a beamof 980GeV protons

collideshead-onwith abeamof 980GeVantiprotons.Accelerationof theproton

andantiproton beamsneedfivesteps,andshow in Fig. 2.1.

2.1.1 Proton

At first, a beamof protonbeginsasH � ionsproducedin a magnetron.Then,the

ionsareacceleratedto 750keV by Cockcroft-Walton[30] accelerator, which is a

two legscapacitor-diodevoltagemultiplier.

Next, the ions aresentto a linear accelerator(Linac), andacceleratedfrom

750 keV kinetic energy to 400 MeV. The accelerationin the Linac is doneby a

seriesof RF cavities. Becauseof the oscillatingelectricfield, the ions become

groupedinto bunches.

Next, the ions are injectedinto the Booster, which is a circular protonsyn-

chrotronof 151m in diameter. At injection,acarbonfoil stripstheelectronsfrom

theH� ions,leaving only protons.It accelerates400MeV protonsobtainedfrom

theLinac to 8 GeV. This is doneby a seriesof electromagnetickicks appliedby

RF cavities,about500keV perturn.

Next, theprotonsaretransferredto theMain Injectorandacceleratedto 150
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GeVfor injectioninto theTevatron,or 120GeVfor usein antiproton production.

TheMain Injector is a partof upgradeto theRun II accelerator complex, andis

capableof higherprotoncurrentsthan its predecessor, Main Ring. The higher

protoncurrentsresultsin ahigherrateof antiprotonproduction.

2.1.2 Antip roton

To createantiprotonsthe protonsof 120 GeV extractedfrom Main Injector are

used.Theprotonsaredirectedinto a nickel targetandcreatea sprayof particles

which containsantiprotons. The spraycontains20 antiprotonson averageper

mill ion protons,andthe antiprotonshave meanenergy of about8 GeV. The an-

tiprotonsarefocusedby acylindrical lithium lens,andotherparticlesin thespray

areseparated.

Then, the antiprotons are directedto the Debunchersynchrotron. The an-

tiprotons mustbe cooledfor the later accelerationandcollision. The cooling is

doneby theDebunchersynchrotronat first. Next, theantiprotonsaretransferred

to the 8 GeV Accumulatorsynchrotronand further cooled,and stored. When

enoughantiprotonsarecirculatingin theAccumulator, 36 bunchesof antiprotons

are transferredback into the Main Injector for a new store,andacceleratedto-

getherwith 36 bunchesof protons.Thentrans
�

eredto theTevatron,for thefinal

accelerationstageof Fermilabaccelerator complex. Antiproton availability is the

mostlimiti ng factorfor attaininghigh luminosities.
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2.1.3 Tevatron

TheTevatronis asuperconductingsynchrotronof radiusapproximately 1 km, and

has8 accelerationcavities. It receives 150 GeV protonsand antiprotonsfrom

Main Injector, andacceleratesthemto 980GeV. Theprotonsandantiprotonscir-

cle the Tevatronin opposite directions. In Run II the Tevatronoperateswith a

36 on 36 bunchstructure(protonson antiprotons) with 396 ns spacingbetween

bunches,comparedwith 3.5 � sin theRunI 6 bunchmode.Thebeamsarebrought

to two collision pointsB0 andD0, for theCDF andD0 experiments.

TheLuminosity canbeexpressedas:

L � f BNpNp̄

2q (  2
p &r 2

p̄)
F(
 ls p ) L (2.1)

where, f is the revolution frequency, B is the numberof bunches,Npt p̄ are the

numberof protons� antiprotonsperbunch,and  pt p̄ arethermsbeamsizesat the

interactionpoint. F is a form factorwhich dependson theratio of  l, thebunch

length, to
s p , the betafunction, at the interactionpoint. The betafunction is a

measureof the beamwidth, andis proportionalto the beam’s x andy extent in

phasespace.Antiproton availability is themostlimit ing factorfor attaininghigh

luminosities[31].
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2.2 CDF

TheCollider Detectorat Fermilab(CDF) is a multi purposedetectordesignedto

study pp̄ eventsat CMS energy of � s � 1 � 96 TeV. The designof the detector

is not specializedfor oneparticularphysicsgoal, but ratherfor many variety of

topics.An elevationview of theCDF detectoris shown in Fig. 2.2.

CDF canbe separatedinto subdetectorsystems as follows. The innermost

systemis thetrackingsystem.It hasacylindrical shapeandis concentricwith the

beam.It detectschargedparticle,andprovidesmomentumandvertex information

of the particle. Onequarterof the trackingsystemis shown in Fig. 2.3. The

detectorsclosestto theinteractionpoint arethesilicon detectors.It consists of 3

detectors,andits innermostdetectoris Layer 00 which is mountedon the beam

pipe. It’ s followed by the five layerssilicon sensonrs,Silicon Vertex Detector

(SVX II). Outermostsilicon detectoris IntermediateSilicon Layers(ISL), which

coverslargerrapiditythanSVX II. Outsidethesilicondetectors,theCentralOuter

Tracker (COT) is placed.

The trackingsystemis surroundedby the Time of Flight (TOF) system. Its

purposeis identificationof low momentum chargedparticles.

BoththetrackingsystemandTOFareinsideasuperconductingsolenoidwhich

provides1.4T magneticfield parallelto thebeam.

Outsidethesolenoidtherearecalorimetrysystems which aresegmentedin u
and v . Eachsegmented“tower” points the interactionregion, andhasan elec-
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tromagnetic calorimeterfollowed by a hadroncalorimeter. The electromagnetic

calorimetersareseparatedin v into CEM (centralElectroMagnetic), PEM (plug)

andFEM (forward).Thehadroncalorimetersin thecentralregionareCHA (cen-

tral) andWHA (endwall). Theplug andforwardregionarePHA (plug)andFHA

(forward).

Outermostsystemis muonidentificationsystems.It consistsof 3 parts,cen-

tral muonsystem(CMU), centralmuonupgrade(CMP), centralmuonextension

(CMX) andIntermediateMuonDetector(IMU). IMU is notusedin thisanalysis.

2.2.1 Cordinatesystem

SinceCDF hasapproximatelycylindrical shape,theorigin of thecoordinatesys-

temis setto thecenterof thedetector, andthez directionis definedto bealongthe

directionof theprotons.They axisis setto beupward.The x axisis alsodefined

by this, becausetheright handedcoordinatesystemis used.Thepolarangle) is

measuredfrom positive z direction,andtheazimuthalangleis measuredaround

thez axis.Thepseudorapidityv is oftenusedinsteadof the theta, anddefinedas

vw�x' ln tan(
)
2

) � (2.2)

Fig. 2.4show thedefinitionof thecoordinatesystem.
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2.2.2 Tracking system

Sincethesolenoidprovidesuniform magneticfield alongz axis,trajectoryof the

chargedparticlesfrom pp̄ interactionform thehelices,andcalledtracks.At CDF,

5 parametersare usedto describethe track: impact parameterd0, z0, u 0, half

curvatureC and yz� cot ) . Fromthehalf curvature,thetransversemomentum pT

is calculatedas

pT � (B � 2cC) L (2.3)

whereB is the magnitudeof the magneticfield andc is the speedof light. The

signof thecurvatureis thechargeof theparticle.Fromcot ) , pz is calculatedas

pz � pT { cot )#� (2.4)

u 0 is the directionat the point of closestapproachof the track to the origin. z0

is the z position of the point of closestapproachof the track to the origin. The

absolutevalueof the impactparameterd0 is the distanceof closestapproachof

thetrackto theorigin in r '|u plane.Thesignof d0 is definedby following,

ẑ " (d̂0 { p̂T ) L (2.5)

whereẑ, d̂0 and p̂T aretheunit vectorsin thedirectionof thez axis,d0 andpT .

COT

TheCOT, CentralOuterTracker playsmain role in CDF trackingsystem.
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It’ s a cylindrical opencell drift chamber, andits active volumeis 310 cm

long in z, andfrom 40 cm to 137cm in radius.TheCOT has96 sensewire

layerswhich aregroupedinto 8 “superlayers”asshown in Fig. 2.5. Each

superlayeris dividedin u into “supercells”,andeachsupercellhas12sense

wires. Fig. 2.6 shows the geometryof the 3 supercellsfor superlayer2.

As shown in Fig. 2.6, eachsupercellconsistof senseandpotentialwires,

andcathodefield panel.1.6 mil gold-platedtungstenwire is usedfor both

senseandpotential wire. Thefield panelis gold on a 0.25mil thick Mylar

sheet. The superlayersalternatebetweenstereo(the wires are tilted � 3+
with respectto thez axis)andaxial (thewiresareparallelto thez axis),and

superlayer1 is stereolayer. The supercell is tilted by 35+ with respectto

theradialdirection.This is becausetheelectronsdrift with aLorentzangle

of } 35+ dueto the solenoidalmagneticfield. The COT is filled with an

Argon-Ethane-CF4(50:35:15)gasmixture.

Silicon detectors

CDF has threesilicon detectorsand they are from innermost, Layer 00

(L00), the Silicon Vertex Detector(SVX II) and the IntermediateSilicon

Layers(ISL). Fig. 2.7 and2.8 show theendview andthesideview of the

silicondetectors,respectively.

Siliconsensorsof SVX II aremicrostripdetectorsof eithersingleor double-

sided. The single-sidedsensorsprovide only u information,anddouble-

23



sidedsensorsprovideboth u andz. On u measurementside,thep-typestrips

areaxially implantednearthesurfaceof lightly dopedn-typebulk, andthe

readoutpitchis 60to65mum dependingonthelayer. Onthez side,n strips

areimplanted with either90+ or small stereoangleof 1.2+ with respectto

the axial strips. Four silicon sensorsassemblea “ladder” which is 29 cm

long. Readoutelectronicsaremounted on eachendsof the ladders. The

laddersarearrangedin an approximatelycylindrical configuration,which

is called“barrel”. A barrelis segmentedinto 12 wedgesin r '|u , andeach

wedgecontains5 layers. SVX II is built from 3 barrelsadjacentto each

otheralongthez axis.

InnermostdetectorL00 is mountedonthebeampipe,consistof single-sided

sensorsandprovidesonly u measurements.ISL consists of small stereo

angledouble-sidedsilicon sensorssimilar to SVX II. ISL covers � v���~ 2 � 0.

Table2.1showsdesignparametersof theCOT andSVX II.

2.2.3 Muon identification

Themuonidentificationsystemsarelocatedbehindthecalorimetrysystems, which

serveasabsorbersfor particlewhicharenotmuon.Mostof particleswhichpene-

tratethecalorimetrysystems aremuons.PionsandKaonswhich reachthemuon

systemsaresourceof backgroundandcalled“punchthrough”.
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COT

Number of superlayers 8

Measurementspersuperlayer 12

StereoAngle � 3 0 -3 � 3 0 -3 0�
Cell� Layer 168192240288336384432480

Radiusat Cenerof SL 46 58 70 8294 106119131cm

Tilt Angle 35�
Length of ActiveRegion 310cm

Number of channels 30,240

Materialthickness 1.3%X0

SVX II

Readout coordinates r �%� ; r � z

Number of barrels 3

Number of layers perbarrel 5

Number of wedgesperbarrel 12

Ladder length 29.0 cm

Combinedbarrellength 87.0 cm

Radiusat axial layers 2.545 4.1206.520 8.220 10.095 cm

Radiusat stereolayers 2.995 4.5707.020 8.720 10.645 cm

numberof � strips 256384640768896

numberof Z strips 256576640512896

� strip pitch 60 62 60 6065 � m

Z strip pitch 141125.560 14165 � m

Cell� Layer 168192240288336384432480

Number of channels 405,504

Materialthickness 3.5%X0

Table2.1: Designparametersof thetrackingsystem.
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CMU TheCMU is locatedin thecentralcalorimeterat a radiusof 347cm, and

covers � v���	 0 � 6. Fig. 2.9 shows the locationof the CMU. CMU is seg-

mentedinto wedgesin u . As shown in thefigure,sinceeachtower of the

calorimeterhas15+ in u andthe CMU wedgehas12.6+ , thereis a gapof

2.4+ betweenwedges. Thereare threemodules in eachwedge,andeach

moduleconsistsof 4 layersof 4 rectangularsingle-wiredrift cellsasshown

in Fig. 2.10.A unit called“stack” is formedfrom 4 drift cells,onecell from

eachlayer. Froma pair of adjacentstacks,a tower is formed. Eachcell is

6.35cm { 2.68cm,and226cmlong in z andparallelto z axis.

CMP TheCMPis locatedbehindanadditional60cmof steelwhichpurposeis to

reducethebackgroundby punchthrough,andits coverageis also � v#�
	 0 � 6.

Thedrift cellsaresimilar to CMU but its dimension is 2.5cm { 15 cm and

typically 640cm long in z, with someshortersectionson thebottomof the

detectorto avoid obstructions.A layerof scintillationcounters(CSP) is also

installedon outside thesurfaceof theCMP.

CMX The CMX covers0 � 6 	�� v���	 1 � 0. It consistsof conicalsectionsof drift

tubes(CMX) andscintillation counters(CSX). Thereis a 30+ gapof the

azimuthalcoverageof CMX� CSX.Thedimensionof its drift cell is di
�

erent

with CMPonly in z andis 180cmlong.
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Table2.2 shows designparametersof the centralmuondetectors,andFig. 2.11

showsthecoverageof thethreedetectors.

Fromthetiming informationof thedrift cells in a module,shorttrackscalled

“stubs” are reconstructed.If a stub is matchedto an extrapolatedtrack recon-

structedin theCOT, amuonis reconstructedin theCDF. Toestimatethetrack-stub

match,� 2� of thematchis computedbasedon thedistancebetweenthetrackand

stub,thedi
�

erencein directionof thetrackandstub,andthecovariancematrixof

thetrack.

2.2.4 Triggering

At ahadroncollier, particularlytheTevatron, it is impossible to recordall thecol-

lisionssincethecollisionrateis muchhigherthantherateatdatacanberecorded.

And only theinterestingeventswhich occupy only smallpartof all thecollisions

arerecorded.Hence,the trigger systemplaysimportant role in CDF. Thereare

threetriggerlevelsin CDF, they aresimply referred asLevel 1, Level 2 andLevel

3. Eachtrigger level reducesthe sizeof data,andsubsequentlevel usesmore

complicatedinformation andtakesmoretime. Collision rateis roughly2.5MHz,

andacceptableratesat eachlevel arekHz, 300 Hz and30-50Hz, respectively.

Theblockdiagramfor theRunII triggersystemis presentedin Fig. 2.12.

Level 1

TheLevel 1 triggerusescustomdesignedhardwareto find physics objects.
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CMU CMP� CSP CMX� CSX IMU

Pseudo-rapidity coverage � �:����� 0� 6 � �:����� 0� 6 � 0� 6 ��� �:����� 1� 0 � 1� 0 ��� �:����� 1� 5
Drift tubes:

thickness 2.68 cm 2.5cm 2.5cm 2.5cm

width 6.35 cm 15cm 15 cm 8.4cm

length 226cm 640cm 180cm 363cm

Max drift time 800ns 1.4 � s 1.4 � s 800ns

Total drift tubes 2304 1076 2208 1728

Scintillators:

thickness 2.5cm 1.5cm 2.5cm

width 30cm 30 40 cm 17 cm

length 320cm 180cm 180cm

Total counters 269 324 864

Pioninteractionlengths 5.5� 7.8� 6.2� 6.2- 20�
Min. muonpT 1.4GeV 2.2GeV 1.4GeV 1.4- 2.0GeV

Multiple scatteringres. 12 cm� p ( GeV� p) 15cm� p ( GeV� p) 13 cm� p ( GeV� p) 13 - 25cm� p ( GeV� p)

Table2.2: Designparametersof the CDF II Muon Detectors. Pion interaction

lengthsandmultiple scatteringarecomputedat a referenceangleof )x� 90+ in

CMU andCMP� CSP, at anangleof )*� 55+ in CMX� CSX,andshow therangeof

valuesfor theIMU.
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The hardware consistsof three parallel synchronousprocessingstreams

which feedinputs of the singleGlobal Level-1 decisionunit. Onestream

finds calorimeterbasedobjects,anotherfinds muonswhile the third finds

tracksin the COT. An eXtremelyFastTracker (XFT) is usedat Level-1,

to reconstructtracksin r 'zu planeto be usedat this level. An extrapola-

tion unit (XTRP) matchesa trackto anelectromagneticcalorimeterenergy

clusterfor electronidentificationor to a stubin themuonsystemfor muon

identification.

Level 2

TheLevel 2 triggerusescustomhardwareto do a limitedeventreconstruc-

tion whichcanbeprocessedin programmableprocessors.TheLevel 2 trig-

gerconsistsof severalasynchronoussubsystemswhich provide input data

to programmable Level 2 Processorsin theGlobalLevel2 crate.Ther '�u
information from thesilicon detectorareusedat this level.

Level 3

TheLevel3 triggeris afarmof about200Linux PCs.Therecompleteevents

arebuilt andmoresophisticatedalgorithms classifyevents.Events passing

the Level-3 trigger criteria are sentto massstorageor online monitoring

processesby theDataLoggersystem.
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2.2.5 Luminosity

Luminosity is measuredby Cerenkov Luminosity Counters(CLC) [32–34] which

arelocatedinside3 degreeholesinsidethe endplugcalorimetersin the forward

andbackwardregion. Therateof inelastic pp̄ interactionsis givenby

� " fBC �z in " L L (2.6)

whereL is the instantaneousluminosity, � is theaveragenumberof inelasticpp̄

interactionsperbunchcrossing,and fBC is therateof bunchcrossings.Thenum-

ber of pp̄ interactionsin a bunch crossingfollows Poissonstatistics wherethe

probability of emptycrossingsis given by P0(� ) � e��� . An emptycrossingis

observedwhentherearefewer thantwo counterswith signalsabove thresholdin

eithermodule of the CLC. The measuredfraction of emptybunchcrossingsis

correctedfor theCLC acceptanceandthevalueof � is calculated.Themeasured

valueof � is combinedwith theinelasticpp̄ crosssectionto determinetheinstan-

taneousluminosityusingEquation 2.6.Becausethismethoddependsonly weakly

ontheCLC thresholds, it functionsparticularlywell at low luminositieswherethe

probability of emptybunchcrossingsis large. Thesystematicerroron the lumi-

nositymeasurementis estimatedto be6%. In CDF RunII, only runswith greater

than10 nb� 1 integratedluminosity areconsideredfor analysis.Runswith good

operatingconditionsin the detectorare taggedby the online shift crews. Data

from thoserunsareexaminedto excludeoneswith COT, muonor trigger hard-
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wareproblems.For this analysis,thedatacollectedfrom Februaryto July 2002

wasused.This samplecorrespondsto a total integratedluminosity of 39� 7 � 2 � 3
pb� 1. For J��� candidateswith transversemomentain therange0 to 2 GeV� c, we

use14.8 � 0.9pb� 1 of our datasample,which correspondsto that fractionof the

datacollectedwhenno cut on the di-muonopeninganglein the Level 3 trigger

wasused.
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Figure2.1: A schematicview of theRunII Tevatronacceleratorcomplex at Fer-

milab. Thenew Main Injectoris shown in theleft sideof theTevatronRing. The

CDFdetectoris locatedat oneof thecollision points at B0 on theTevatronRing.
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Figure2.2: Elevation view of theCDF II detector.

33



COT

0

.5

1.0

1.5

2.0

0 .5 1.0 1.5 2.0 2.5 3.0

END WALL
HADRON
CAL.

SVX II
5 LAYERS

3
0

3 0
0

SOLENOID

INTERMEDIATE 
SILICON LAYERS

CDF Tracking Volume

 = 1.0

  = 2.0
E

N
D

 P
LU

G
 E

M
 C

A
LO

R
IM

E
TE

R

E
N

D
 P

LU
G

 H
A

D
R

O
N

 C
A

LO
R

IM
E

TE
R

  = 3.0

n

n

n

m 

m

Figure2.3: A cut-awayview of onequadrantof theCDFTrackingVolume.

34



= −ln(tan   )η 2
θ

p
z

p

θ

side view

z

y

x y

r

0

0

φ

r

Figure2.4: Definitionof coordinatesusedwith theCDF RunII detector.

35



Figure2.5: Endview of aportionof theCOT, showing superlayerstructure.
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Figure2.6:Close-upview of threeCOT cellswithin asuperlayer, whichillustrates

thepositionof thewireswith respectto thefield sheets.
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Figure2.7: An endview of thesiliconsystem,Layer00,SVX II andISL.
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Chapter 3

Di-muon selectionand

reconstruction

Thedatasampleusedfor this analysisis JÉ�Ê§Ë�Ì3Í�Ì�Î sample.It is collectedby

specifictrigger requirementsat Level 1 andLevel 3. Thereis no trigger require-

mentaddedat Level 2 for this datasample.

At Level 1, two CMU muonsarerequiredto exist. For that,theremustbetwo

muonstubsin theCMU, andthey mustbein thesearchwindowssetby theXTRP,

whichreceivesinformationof thetracksfrom theXFT andextrapolatesthetracks

takinginto accountthemagneticfield andthemultiple scattering.TheXFT finds

tracksin r Ï4u planeusingthefour axialsuperlayersof theCOT, for pT Ð 1 Ñ 5GeVÒ c
or above. At this Level, thechargesof di-muonsarenot consideredandthey can

samesign.As notedabove there’sno requirementat Level 2 for this datasample,
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theeventswhichpassedLevel 1 arepassedto Level 3 triggerautomatically.

At Level 3, thetwo muonsarerequiredto haveoppositecharge,andtwo muon

tracksarerequiredto have Ó z Ô 5 cmat thepointof closestapproachto theorigin

in r Ï�u plane.In addition,theinvariantmassof thetwo muonsmustbebetween

2.7and4.0GeVÒ c2. Two Level 3 triggerpathsareusedfor thedatasampleof this

analysis.For onepath,it is requiredthat thedimuon openinganglein the r ÏÕu
planeto be Ö 128Ñ 90× , andthere’snoopeninganglerequirementfor theotherpath.

The datasampletriggeredwithout the openinganglerequirementis usedto the

measurementof thecrosssectionfor the JÉ�Ê s which have transversemomentum

rangeof 0 - 2 GeVÒ c, becauseof the massesof JÉ�Ê and muon, mJØÚÙÜÛ 3 Ñ 097

GeVÒ c2 andmÝ Û 0 Ñ 106GeVÒ c2 andthe trigger requirementof pT Þ 1 Ñ 5 by the

XFT.

3.1 Oß ine reconstruction

Thedatapassedall threelevels of triggersare

3.2 Goodrun selection

To make the measurementrobust, only “good runs” which areconsideredgood

enoughfor the measurement,areanalyzed.To be a goodrun, the run mustbe

taggedby online shift operatorsandoà ine production operators.Also, for this
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analysis,COT, muonidentificationsystemandtriggersystemarerequiredto bein

goodstatusfor thegoodrun. And runsonly with greaterthan10 nbÎ 1 integrated

luminosity areusedfor this analysis.

3.3 J á�â event selection

Eventspassedthetriggerrequirementsarereconstructedoà ine. Furtherrequire-

mentsareaddedaftertheoà inereconstructionbesidesLevel1 andLevel3 trigger

requirements.

Both muonsarerequiredto have pT Ö 1 Ñ 5 GeVÒ c asmeasuredoà ine in the

COT. Therewasaknown hardwareproblemin thedi-muontrigger. Eventswhich

bothtwomuonstubsfall into 240- 270× in u areexcluded.Thisproblemwasfixed

afterrun150143,but for theuniformity, all theeventswhichhavetwo muonstubs

in theregion areexcludedin this analysis.Themuonreconstructioneã ciencies

for each48CMU wedgesaremeasured.Theeã ciency of theCMU wedgecover-

ing 240- 255× in thewestsideis foundto belowerbecauseof aknown hardware

trouble.Eventsin which oneof two muonstubsarein theregion areexcludedin

this analysis.Both oà ine reconstructedmuonsarerequiredto matchtheLevel 1

andLevel 3 triggerrequirement.

Table3.1shows theselectioncriteriaateachstageof eventselection.
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pT (Ì )XFT Ö 1 Ñ 5 GeVÒ c
Muonstubsmatchedtriggeredstubs
Di-muoncandidatestubsareseperatedby 2 CMU 2.4× towers
Muon tracksmatchedto XFT tracksandXTRP projections

Level 1 Excludetrackswhich passwithin 1.5 cm of thecenterof theCOT wire
planesin any of the4 axial layers
Exclude events where both muon stubsfall in the range240 - 270×
(matchbox8 problem[35])

Level 2 none
CMU muons
pT (Ì )COT Ö 1 Ñ 5 GeVÒ c
Oppositesignmuons

Level 3 ä z0(Ì 1) Ï z0(Ì 2) ä�Ô 5 cm
2 Ñ 7 Ô M(Ì�Ì ) Ô 4 Ñ 0GeVÒ c2

Óåu (Ì�Ì ) Ô 130× whenpT (JÉ�Ê ) Ö 2 Ñ 0 GeVÒ c
stub-trackmatch: Ó (r u )CMU Ô 30cm
Explicitly requireCMU-only or CMUPmuonsæ 2(Ó r u )CMU Ô 9ä y(JÉ�Ê ) ä.Ô 0 Ñ 6

Oà ine COT hits: axial Þ 20,stereoÞ 16ä z0(Ì ) ä
Ô 90 cm
Excludemuonsin CMU wedge17W

Table3.1: Selectioncriteriaat diç erenteventselectionstages.
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3.4 J á�â yield

Di ç erentialcrosssectionof theJÉ�Ê is calculatedfor eachdividedJÉ�Ê pT bin. The

yield in eachJÉ�Ê pT bin is needto becalculatedfor thediç erentialcrosssection

calculation.Singlegaussianis not goodenoughto fit thedi-muoninvariantmass

distribution becauseof theradiative tail. To estimatethe JÉ�Ê yield in eachpT bin

properly, thedi-muoninvariantmassdistribution in eachpT bin is fittedusingMC

(Monte Carlo) invariantmassline shapesfrom including the radiative tail from

internalbremsstrahlungobtainedfrom a tunedhit-level COT simulation. To have

theinvariantmassline shapes,thesimulatedJÉ�Ê eventsaredecayedusingtheJÉ�Ê
radiative decaymodel in the QQ decaypackage[36]. The COT hit multiplicity

per track is tunedto matchthedataascloselyaspossible,asshown in Fig. 3.1.

Then,theCOT hit resolutionis tunedto find thebestæ 2 in abinnedfit to thedata

usingtheMonte Carlo invariantmassline shapefor thesignalanda polynomial

shapefor thebackground.Finally, energy lossandmultiple scatteringin material

encounteredbeforetheCOT aremodeled.Theenergy lossin thesiliconmaterial

is scaleduntil the peaksof the di-muon invariantmassdistribution in diç erent

pT rangesin dataandfrom the simulation match. The orderof the background

polynomial usedvarieswith thebackgroundshapein eachJÉ�Ê pT range.A third-

orderpolynomial is usedfor themomentumrange0 - 0.25GeVÒ c, asecond-order

polynomial is usedfor therange0.25- 2.25GeVÒ c, anda first-orderpolynomial

(linearbackground)for transversemomentagreaterthan2.25GeVÒ c. Thefits to
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the invariantmassdistributions in four JÉ�Ê pT rangesare shown in Figs. 3.2,

3.3, 3.4 and3.5. The JÉ�Ê yields andthe statistical uncertaintiesobtainedfrom

the fits in eachpT rangeare listed in the first column of Table 3.2. The

massfitting qualitiesover the whole pT bins aregoodas indicatedfrom the fit

probability shown in theseFigures. The diç erencesrangingfrom è 9% in the

lowest pT bin to -1.3% in the high pT bin are usedvery conservatively as the

systematic uncertaintiesfrom themassfitting.

3.4.1 Systematicuncertainties and Goodness-of-Fit

A qualitative estimateof thegoodness-of-fitis beobtainedby defininga quality

factorR suchthat

R Û�é i(Ni Ï N f ) (3.1)

whereNi is the numberof dataeventsin the ith invariant massbin and N f is

the fit prediction. For perfectfits, this factorshouldbe consistentwith 0. The

summationis performedoverbinsin theinvariantmasssignalregionfrom 3.02to

3.15wherethe JÉ�Ê signaldominatesthebackground.Deviationsfrom 0 indicate

a discrepancy in the yield that is a goodestimate of the systematicerror on the

yield in eachpT bin.
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pT range Yield Acceptance Level 1 Trigger Track-stubmatching Luminosity
GeVê c (Ni ) (ë i) Eì ciency( í iL1) Eì ciency( í iî 2) (ï i) nbð 1

0.0- 0.25 365 ñ 25 0.0153 ñ 0.0007 0.857 ñ 0.013 0.9963 ñ 0.0009 14830 ñ 870
0.25- 0.5 605 ñ 30 0.0069 ñ 0.0004 0.860 ñ 0.013 0.9963 ñ 0.0009 ”
0.5- 0.75 962 ñ 38 0.0070 ñ 0.0004 0.865 ñ 0.013 0.9962 ñ 0.0009 ”
0.75- 1.0 1592 ñ 49 0.0087 ñ 0.0005 0.871 ñ 0.014 0.9961 ñ 0.0009 ”
1.0- 1.25 2500 ñ 62 0.0116 ñ 0.0006 0.877 ñ 0.014 0.9960 ñ 0.0009 ”
1.25- 1.5 3549 ñ 74 0.0151 ñ 0.0008 0.885 ñ 0.014 0.9957 ñ 0.0009 ”
1.5- 1.75 4517 ñ 84 0.0190 ñ 0.0009 0.892 ñ 0.014 0.9955 ñ 0.0009 ”
1.75- 2.0 5442 ñ 93 0.0232 ñ 0.0011 0.899 ñ 0.015 0.9953 ñ 0.0009 ”
2.0- 2.25 16059 ñ 167 0.0271 ñ 0.0013 0.905 ñ 0.015 0.9960 ñ 0.0009 39700 ñ 2300
2.25- 2.5 18534 ñ 252 0.0317 ñ 0.0015 0.911 ñ 0.015 0.9946 ñ 0.0009 ”
2.5- 2.75 18437 ñ 253 0.0367 ñ 0.0017 0.916 ñ 0.015 0.9943 ñ 0.0009 ”
2.75- 3.0 18858 ñ 259 0.0415 ñ 0.0019 0.920 ñ 0.015 0.9939 ñ 0.0009 ”
3.0- 3.25 18101 ñ 253 0.0467 ñ 0.0021 0.924 ñ 0.015 0.9935 ñ 0.0009 ”
3.25- 3.5 17597 ñ 250 0.0532 ñ 0.0024 0.927 ñ 0.015 0.9931 ñ 0.0009 ”
3.5- 3.75 16400 ñ 241 0.0576 ñ 0.0025 0.930 ñ 0.015 0.9927 ñ 0.0009 ”
3.75- 4.0 14863 ñ 226 0.0628 ñ 0.0029 0.932 ñ 0.015 0.9923 ñ 0.0009 ”
4.0- 4.25 14056 ñ 218 0.0694 ñ 0.0031 0.934 ñ 0.015 0.9918 ñ 0.0010 ”
4.25- 4.5 12719 ñ 212 0.0768 ñ 0.0034 0.936 ñ 0.015 0.9913 ñ 0.0010 ”
4.5- 4.75 12136 ñ 201 0.0840 ñ 0.0037 0.937 ñ 0.014 0.9909 ñ 0.0010 ”
4.75- 5.0 10772 ñ 188 0.0904 ñ 0.0039 0.939 ñ 0.014 0.9904 ñ 0.0010 ”
5.0- 5.5 18478 ñ 241 0.1006 ñ 0.0042 0.940 ñ 0.014 0.9897 ñ 0.0010 ”
5.5- 6.0 14616 ñ 210 0.1130 ñ 0.0046 0.942 ñ 0.014 0.9887 ñ 0.0011 ”
6.0- 6.5 11388 ñ 180 0.1257 ñ 0.0051 0.946 ñ 0.014 0.9876 ñ 0.0011 ”
6.5- 7.0 8687 ñ 154 0.1397 ñ 0.0055 0.945 ñ 0.014 0.9865 ñ 0.0012 ”
7.0- 8.0 12409 ñ 139 0.1561 ñ 0.0068 0.946 ñ 0.014 0.9850 ñ 0.0012 ”
8.0- 9.0 6939 ñ 107 0.1723 ñ 0.0075 0.947 ñ 0.014 0.9827 ñ 0.0013 ”
9.0- 10.0 3973 ñ 78 0.1807 ñ 0.0079 0.948 ñ 0.014 0.9804 ñ 0.0014 ”
10.0 - 12.0 3806 ñ 74 0.1938 ñ 0.0074 0.949 ñ 0.014 0.9772 ñ 0.0016 ”
12.0 - 14.0 1566 ñ 49 0.2163 ñ 0.0081 0.960 ñ 0.014 0.9726 ñ 0.0017 ”
14.0 - 17.0 935 ñ 40 0.238 ñ 0.011 0. 951 ñ 0.014 0.9671 ñ 0.0018 ”
17.0 - 20.0 350 ñ 25 0.247 ñ 0.012 0. 951 ñ 0.014 0.9600 ñ 0.0020 ”

Table3.2: Summaryof theinclusive JÉ�Ê cross-sectionanalysiscomponents.The
valuesof the yield andstatistical uncertaintyfrom the fits are listed in the 2nd
column.Theacceptancevaluesandthecombinedsystematicandstatistical uncer-
taintieson theacceptancearelistedin the3rdcolumn.In the4thand5thcolumns
the trigger and track-stubmatchingeã cienciesobtainedfrom the meanof the
distribution in eachbin andthecorrespondingsystematic uncertaintiesarelisted.
Thesixthcolumnlists theintegratedluminosity usedfor eachmeasurement.
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COT hit multiplicity from CotSim
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Figure3.1: COT hit multiplicity distributionson JÉ�Ê muontracksobtainedusing

the simple hit level simulation (shadedhistogram) ascomparedto data. (points

with errorbars.)
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Figure3.2: Invariantmassdistribution of reconstructedJÉ�Ê Ë Ì�Ì eventsin the

rangepT (Ì�Ì ) Ô 0 Ñ 25GeVÒ c. Thepointswith errorbarsaredata.Thesolid line is

thefit to thesignalshapefrom thesimulationanda third orderpolynomial for the

background.The shadedhistogram is thefitted backgroundshape.Thenumber

of signalevents andthefit probabilityof thebinnedæ 2 fitting arealsoprovided.
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Chapter 4

Acceptanceand e ciencies

4.1 Acceptance

Only a fraction of the Jpsis eventsproducedby pp̄ collisions aretriggeredand

reconstructedoà ine becauseof the limited geometricalandkinematicalaccep-

tanceandthe incompleteeã cienciesof the detectors.The acceptancesandthe

eã cienciesmustbeestimatedcorrectlyfor thecrosssectionmeasurement.

4.1.1 Monte Carlo Description

The geometricalandkinematicalacceptancesarecomputedfrom Monte Carlo.

GeneratedJÉ�Ê events are decayedby QQ decaypackageand processedwith

GEANT [37] for full detectorsimulation.Thepositionandslopeof thepp̄ beams,

or SVX II coveragemayvary betweenruns. To take into accountfor thesevari-
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ationof theconditions, they aresetin thesimulation to matchtheuseddataused

for this analysis.JÉ�Ê events aregeneratedstartingwith a kinematicdistribution

that is flat in rapidity andwith a pT distribution selectedto bestmatchtherecon-

structeddata.Theevents arefully simulated.After thediç erentialcrosssection

is measured,theacceptancesandthecentralvalueof thecrosssectionarerecal-

culatedusingthemeasuredpT distribution. TheGEANT simulation is validated

by comparingthe resultingdistributions of variouskinematicquantitiessuchas

v , pT , the track-stubmatchingdistance,andthe z vertex distribution in recon-

structeddataandreconstructedMonte Carlo events. Di ç erencesin thedataand

MonteCarlodistributionsareusedto estimatethesystematic uncertaintieson the

modeling of theCDFdetectorgeometryin thesimulation.

4.1.2 Acceptance

The detectoracceptanceis neededfor the crosssectionmeasurementto correct

theyield of JÉ�Ê . For this analysis,sinceJÉ�Ê is reconstructedin thedecaymode

Jpsi Ë Ì Í Ì Î , the acceptanceof muonis concerned.The CMU muondetector

covers Ï 0 Ñ 6 Ô¤v Ô 0 Ñ 6. And it is segmentedinto 24 wedgesin u , eachwedge

covers12.6× and2.4× separationbetweeneachwedge,asshown in Fig. 2.11.For

this region, theCOT covers100% andthegeometricalacceptanceis determined

only by the CMU. Besidesthe geometricalacceptance,the kinematicalaccep-

tancemustbe estimatedtoo. The calorimetersystems,which areplacedinside
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theCMU, work asan absorberfor theCMU, andmuonswhich have pT Ô 1 Ñ 35

GeVÒ c cannotreachthe CMU. Also, the CMU set a lower limi t for the pT of

muons, by calculatingthe diç erenceof drift timesin sensewires on alternating

layers.The Ó t � 396nstiming window is selectedto befully eã cientfor muons

with pT Ö 1 Ñ 5.

The acceptanceis modeledasa function of both the reconstructedpT (JÉ�Ê )

andrapidity y(JÉ�Ê ) andis definedasthe ratio betweenthenumberof generated

eventsNgen andrecontructedeventsNrec,

�
(pT � y) Û Nrec(pT (JÉ�Ê ) � ä y(JÉ.Ê ) ä�Ô 0 Ñ 6)

Ngen(p�T (JÉ�Ê ) � ä y� (JÉ�Ê ) ä.Ô 0 Ñ 6)
(4.1)

wherep�T (JÉ�Ê ) andy� (JÉ�Ê ) arethe true valueof momentumandrapidity of the

generatedJpsi, respectively. pT (JÉ�Ê ) andy(JÉ�Ê ) may diç er from p�T (JÉ�Ê ) and

y� (JÉ�Ê ) becauseof thedetectorresolution. Theacceptanceasafunctionof pT and

y is shown in Fig. 4.1.

The acceptanceincreasesrapidly from 0.7% at pT Û 0.25 GeVÒ c to 10% at

5 GeVÒ c and25% at 20 GeVÒ c. The acceptancein the range0.0-0.25GeVÒ c is

rapidly varyingasa functionof pT (JÉ�Ê ) andincreaseswith decreasingmomenta

from 0.7%at pT (JÉ�Ê ) Û 0.25GeVÒ c to 4%for JÉ�Ê mesonsalmostat rest(pT Ô 50

MeVÒ c). Themuontransversemomentumis requiredto begreaterthanor equal

to 1.5GeVÒ c, which is closeto one-halfof the JÉ�Ê mass,thereforewhenthe JÉ�Ê
is at restbothmuonsarelikely to beabove the pT threshold.As soonasthe JÉ�Ê
receivesa small boost,the probability is greaterthat at leastonemuonwill be
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below the pT acceptancethresholdandtheacceptancestartsto decreaseuntil the

JÉ�Ê transversemomentum exceeds0.25GeVÒ c.

Acceptance
�

at ä y ä Û 0 Ñ 6 is not 0, thoughthevalueis small. This is because

of detectorresolution andthesizeof theinteractionregion. To estimatethiseç ect,

JÉ�Ê MonteCarloeventsaregeneratedflat distribution in v of therangeä y ä�Ô 1 Ñ 0,

andthepT distribution selectedto bestmatchthereconstructeddataasabove. The

relativeacceptance
� � , for eventsgeneratedwith ä y(JÉ�Ê ) ä�Ö 0 Ñ 6 andreconstructed

with ä y(JÉ�Ê ) ä.Ô 0 Ñ 6, is calculatedas

� � Û Nrec( ä y(JÉ�Ê ) ä gen Ö 0 Ñ 6� ä y(JÉ�Ê ) ä rec Ô 0 Ñ 6)

Ngen( ä y(JÉ�Ê ) ä gen Ô 0 Ñ 6) � (4.2)

whereNrec( ä y(JÉ�Ê ) ä gen Ö 0 Ñ 6� ä y(JÉ�Ê ) ä rec Ô 0 Ñ 6) is the numberof JÉ�Ê eventsin

theMonteCarlosample,which aregeneratedä y(JÉ�Ê ) ä gen Ö 0 Ñ 6 andreconstructed

ä y(JÉ�Ê ) ä rec Ô 0 Ñ 6, andNgen( ä y(JÉ�Ê ) ä gen Ô 0 Ñ 6) is the total numberof events gen-

eratedwith ä y(JÉ�Ê ) äåÔ 0 Ñ 6. The valueof
� � is found to be very small:

� � Û
0 Ñ 00071	 0 Ñ 00006(stat).A correctionfactorof (1 Ï � � ) Û 99Ñ 93%is appliedto

theJÉ�Ê yield calculatedin eachpT (JÉ�Ê ) bin.

A 2-dimensional acceptancefunctionis usedfor anevent-by-eventcorrection

for the calculationof the JÉ�Ê crosssection. In Table3.2, the acceptancevalues

averagedfor the y, andthe combinedstatistical andsystematicuncertaintiesfor

eachpT bin are listed. JÉ�Ê spin alignment,pT spectrum,CMU simulation and

detectormaterialdescriptionin GEANT simulationareconsideredasthesource

of thesystematicuncertaintiesanddescribedin following section.
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4.1.3 Systematicuncertainties of acceptance

SincetheJÉ�Ê spinalignmentaç ectthepT of muonsfromtheJÉ�Ê decay, kinematic

acceptanceasafunctionof pT dependsontheJÉ�Ê spinalignment.Thenormalized

spinalignmentdistribution is givenby

I( 
 ) Û 3
2(�zè 3)

(1 è�� cos2 
 ) � (4.3)

where
 is theanglebetweenthedirectionof themuonin the JÉ�Ê restframeand

thedirectionof theJÉ�Ê in thelab frame[15], and � quantifiesthespinalignment.

The parameter� must lie in the range-1 to 1 and � Û 0 indicatesno preferred

spinalignment.TheCDF RunI measurementsof the JÉ�Ê spinalignmentparam-

eter[15] areconsistentwith zerobut could alsobe aslarge as50% in somepT

regions.Theweightedmeanof � measuredin diç erentpT rangesin [15] is usedto

determinethecentralvalueof theparameter� to beusedfor theacceptance.The

valueof � Û 0 Ñ 13 	 0 Ñ 15 is usedfor thefinal acceptancevalueswheretheuncer-

tainty is chosento accommodatethevariationin thepreviousCDFmeasurements

andtheextrapolationto pT Û 0 where � is expectedto bezero. Theuncertainty

on acceptancedueto spin alignmentis largestin the lower momentum bins for

it aç ectsto transversemomentumof muonsfrom JÉ�Ê decayandthey have more

chanceto have pT lowerthan1.5GeVÒ c, anddecreaseswith increasingtransverse

momentum. The uncertaintyfrom this sourceis found to be  5% nearpT Û 0

and2% in the region 17 Ô pT Ô 20 GeVÒ c. The valuesof � obtainedfrom the
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RunI measurement[15] arelistedin Table4.1.

pT bin inclusive � � �
syst. total

4-5 0.236 	 0.097 0.13 0.162

5-6 -0.001 	 0.073 0.07 0.101

6-8 0.209 	 0.054 0.04 0.067

8-10 0.266 	 0.065 0.02 0.068

10-12 0.084 	 0.084 0.02 0.086

12-15 0.14 	 0.11 0.02 0.112

15-20 -0.30 	 0.12 0.05 0.130

Table4.1: Valueof the inclusive JÉ�Ê spin alignmentparameter� , measuredin

RunI [15].

Thoughtrue JÉ�Ê pT spectrumis not known (it’ s thesubjectof this analysis),

a pT spectrumis neededfor thegenerationof JÉ�Ê events. To estimate theuncer-

tainty from variationsof the input transversemomentumspectrumof thegener-

atedJÉ�Ê , theacceptanceis recalculatedusinga Monte Carlo samplegenerated

usinga flat distribution in pT . Theflat distribution is anextremealternative from

thenominalspectrumwhich is a fastfalling functionof pT . Thefractionalchange

in acceptanceis takenastheuncertaintyon the input transversemomentumdis-

tribution. Theuncertaintyis about3% in thelowestmomentum bin, lessthan1%
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in the0.25to 3 GeVÒ c bins,1 - 2%in the3 to 4GeVÒ c bins,and2 - 4%in the4 to

20GeVÒ c bins.

Themodelingof theCMU in theGEANTdetectorsimulationcanhavesources

of theuncertaintyin theacceptancecalculation.Themajorsourcesof theGEANT

simulationrelatedto theCMU are,theCMU coveragein r Ï z plane,thewire eã -

ciency diç erencesbetweenwedgesin eastandwestandin diç erentu sections, and

beampositionin z. Theuncertaintiesareestimatedby comparingeventdistribu-

tionsin dataandin theMonteCarlo,andtotal uncertaintyfor theCMU modeling

in thesimulationis foundto be1.0%.

Thereis a gapbetweenthe eastandwestarchesof the CMU, that is in the

centerof theCMU in r Ï z plane( v Û 0). Thesizeof thegapis approximately

	 11 cm, measuredat r Û 347 cm. A muon, which is extrapolatedto the gap

region, may be detectedin the CMU becauseof the multiple scatteringin the

detector. Thefractionof themuonsextrapolatedto thegapregionbut detectedby

theCMU is estimatedin boththedataandtheMonteCarlo.And thediç erenceof

thefractionsbetweenthedataandtheMonteCarlois takenastheuncertaintyon

theacceptancefrom this source.It is foundto be0.20%.Thefractionof dataand

MC eventsfalling in thegapregion is shown in Fig. 4.2.

Thenumberof observedJÉ�Ê Ë�Ì3Í�Ì�Î eventsarediç erentin eastandwestpart

of theCMU dueto severalsources,including theshift in theaverageprimaryver-

tex locationtowardspositivez (east),theexclusionof thelow eã ciency wedgeon
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thewestsideof thedetector17W, andtheuncertaintyin themodelingof thez ex-

tentof theCMU detector, aswell asthediç erencesin theeastandwestchambers.

East-westasymmetriesin the CMU arecalculatedfrom thenumberof observed

eventsin eastandwestpartof theCMU, for both thedataandtheMonteCarlo.

Theuncertaintyin themodelingof theeastandwestCMU part is definedasthe

diç erencebetweenasymmetriesof thedataandtheMonteCarlo.

EachCMU wedgehasdiç erentgainandeã ciency for muons,but this diç er-

enceis not includedin theGEANT simulation.Thiscanbesourceof thesystem-

atic uncertaintyfor the acceptancecalculation.To studythis sourcethe number

of eventsreconstructedin eachwedgein MonteCarlois normalizedto matchthe

data,andthe numberof eventsreconstructedin both dataandMonte Carlo are

investigated.Thestandarddeviation of thediç erencein numberof eventsrecon-

structedin eachwedgein dataandMC is takenastheuncertaintyof theGEANT

CMU u acceptance.And it is found to be 0.55%. The numberof eventsrecon-

structedin eachwedgein dataandMC is shown in Fig. 4.3. Thetotal numberof

eventsin MC is normalizedto matchthedata.

Interactionpoints of the generatedJÉ�Ê events in the Monte Carlo are dis-

tributedasto matchthatof the data. And muonsfrom JÉ�Ê arerequiredto have

the z0 positionto be within 90 cm of thecenterof thedetector, ä z0(Ì ) ä Ô 90 cm.

Comparingthe z0(Ì ) distribution of theMonteCarloandthedatashows a small

disagreementbetweenthemasshown in Fig. 4.4. This is becauseof inadequate
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modeling of the interactionregion in the Monte Carlo. This contributesto the

acceptancecalculationasthe sourceof the systematic uncertainty, andthe con-

tribution is estimatedfrom thediç erencein theratio of dataandMC trackswith

ä z0(Ì ) ä�Ô 90 cmcomparedto all CMU muons.It is foundto be0.28%.

Themuonspassthroughall thedetectorcomponentinsidetheCMU andlose

partof its energy. Thematerialdescriptionof thedetectorin GEANT determines

the amountof energy loss accordingto the passof the muonsin the detector.

Insidethetrackingvolume,thesiliconsystemhasbiggestinfluenceto theenergy

loss,andit eç ectsparticularlyto JÉ�Ê of low transversemomenta. To estimatethe

systematic uncertaintyon the acceptancefrom the inaccuratedetectormaterial

description,theSVX II materialusedin theGEANT detectorsimulationis varied

by 10% to 20%.Thesystematicuncertaintyis takenasthediç erencebetweenthe

acceptancevaluesmeasuredwith diç erentmaterialscalefactorsandthenominal.

Theuncertaintyis largestin thelow momentum binsasexpected,andit is around

5%.

Thesystematic uncertaintiesonacceptancecalculationaresummarizedin Ta-

ble 4.2. Thesizeof theuncertaintiesfrom JÉ�Ê spinalignment,JÉ�Ê pT spectrum

and detectormaterialdescriptiondependson the muon pT rangeas expected,

while the uncertaintyfrom muondetectorsimulation is samefor all pT ranges

of interestsin this analysis.
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Source Size

Acceptance JÉ�Ê spinalignment 	 (2 Ë 5)%(pT )

Acceptance pT spectrum 	 (0 Ë 5)%(pT )

Acceptance Detectormaterial 	 (0 Ñ 4 Ë 5)%(pT )

Yield Massfits ( Ï 1 Ñ 3 Ë è 9)%(pT )

Yield Momentumscale ( Ï 0 Ñ 1 Ë è 0 Ñ 7)%(pT )

Luminosity CLC 	 6.0%

Reconstruction TableII 	 2.8%

Acceptance CMU simulation 	 1.0%

Yield Dataquality 	 1.0%

L1 triggereã ciency TableI 	 1.5%

Total 	 6.9% ��� (pT )

Table4.2: Summaryof systematic uncertaintiesin theinclusive JÉ�Ê crosssection

measurement.The pT dependentuncertaintiesarelisted in thetop sectionof the

table.In general,thepT dependentuncertaintiesincreasewith decreasingpT . The

total is calculatedfrom the pT independentsourcesonly.
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4.2 Data Quality

Although the only “good runs” describedin 3.2 areanalyzed,the analyzeddata

samplemayincludehardwareproblems.To investigatedetectorperformance,the

yield, mean,andresolutionof the JÉ�Ê invariantmasspeakaremonitoredduring

the periodof the datataking. Runswhich have JÉ�Ê yield diç erentby 4� from

the averageareidentifiedasoutlying runs,where � is the standarddeviation of

the yield of the run in a given run range. Thereare two suchruns identified,

out of 457considered.The integratedluminositiesof thesetwo runsare14.3nb

and258.3nb,respectively. Furtherinvestigationsof onlineoperationalconditions

during theserunsdo not revealedany obvioushardwareor triggerproblem. On

the otherhand,sincethe probability which a datasubsampleof 258.3nb out of

a total sampleof 39.7 pb would have a yield diç erentby Ö 4� , is 1%, both

runsarenot excluded.Instead,themeasurementis repeatedwithout theoutlying

runs included,and the diç erencein the measurementsis taken as a systematic

uncertainty. The uncertaintyon the total crosssectionis found to be lessthan

1%.

4.2.1 Level 1 trigger e� ciency

TheLevel1 di-muontriggereã ciency is measuredby usingJÉ�Ê events,whichare

collectedwith ahigh pT single-muontrigger[35]. At Level 1, thistriggerrequires
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a muonwhich have pT graterthan4.0GeVÒ c. At Level 3, a JÉ�Ê is reconstructed

with themuonpassedtheLevel 1 requirementandthemuonwhich is not required

to passthe Level 1 trigger. This secondmuonwhich is not requiredto passat

Level 1, is usedto measuretheLevel 1 single-muoneã ciency.

The denominatorfor the eã ciency calculationis the numberof JÉ�Ê recon-

structedwith Level 3 track andmuon information. TheseJÉ�Ê candidatesmust

have aninvariantmassbetween2.7and3.6 GeVÒ c2, a openingangleof di-muon

Óåu 0 is lessthan130× , anda diç erenceof thetwo muontracksin z0 is lessthan5

cm. Theprobemuonarerequiredto satisfyfollowing:

� To haveat least20 COT axial-layerhits and16 COT stereo-layerhits.

� z0 of thetrackis within 90 cmof thedetectorcenter, ä z0 ä
Ô 90cm.

� MatchingbetweenthetrackandtheCMU stubin r Ïwu is æ 2(Ó r u ) Ô 9.

� Do not passwithin 1.5 cm of thecenterof any of theCOT wire planesin

any of theaxial layersin orderto avoid theineã cientregioncausedby wire

supports.

� TheassociatedLevel3 trackmustbematchedto anXFT trackandtheLevel

3 CMU stubmustbematchedto aLevel 1 CMU stubthatlieswithin XTRP

window, to passtheLevel 1 tirgger.

MeasuredLevel 1 CMU eã ciency is shown in Fig. 4.5. To correctthe JÉ�Ê yield
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later, themeasuredeã ciency is fit with a function:

� Ý
L1(p

Ý
T ) Û E � freq

A Ï 1É pT

R � (4.4)

wherefreq is thenormalfrequency function:

freq(x) Û 1�
2�

x

Î�� eÎ 1
2 t2dt Ñ (4.5)

E is theplateaueã ciency, A is associatedwith the pT at which theeã ciency is

half the peakvalue,andR is the eç ective Gaussianresolution,andfrom the fit,

E Û 0 Ñ 977 	 0 Ñ 002, A Û 1 Ñ 1 	 0 Ñ 1 (GeVÒ c)Î 1, andR Û 0 Ñ 28 	 0 Ñ 06 (GeVÒ c)Î 1,

respectively.

Next, theuncertaintyin theLevel 1 triggereã ciency mustbe estimated. To

estimatethe uncertainty, the rangeof the uppermostandlowermostfluctuations

supportedby thedataarecomputedasfollows: x� (pT ) Û x̄ 	 ( ä x Ï x̄ ä�è 1� ) where

x is the datavalue, x̄ is the valuereturnedby the fit and � is the uncertaintyon

thedata,while alsotakinginto accountthedatafluctuationsaroundthecentralfit.

The x� (pT ) distribution is alsofitted with thesamefunction in Equation 4.4,and

is shown in Fig. 4.5asdashedlines.

Thedi-muonLevel 1 triggereã ciency is calculatedas:

� JØ Ù
L1 (pJØÚÙ

T ) Û � ÝL1(p
Ý 1
T ) � � ÝL1(p

Ý 2
T ) (4.6)

where,� ÝL1(p
Ý
T ) is thesinglemuonLevel 1 triggereã ciency givenby Equation4.4,

and p
Ý 1� 2
T arethe transversemomentaof the two muons.The trigger’s exclusion
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of pairswith nearbystubsis includedaspart of the geometricacceptance.The

meanof theLevel 1 di-muontriggereã ciency distribution in eachJÉ�Ê transverse

momentum bin is listed in Table3.2. Themaximumdiç erencefrom varyingthe

trigger eã cienciesby onestandarddeviation independently for the two muons

is listed asthe uncertaintyon the di-muontrigger in Table3.2. The variationis

foundto bewithin 	 1 Ñ 5% in all bins.

4.2.2 Level 3 trigger e� ciency

TheLevel 3 reconstructioneã ciency is dominatedby thediç erencebetweenthe

onlineandoà ine trackingeã ciency. A fasttrackingalgorithmis usedfor pattern

recognitionin theCOT at Level 3. In theoà ine reconstructiona moreaccurate

trackingalgorithmis combinedwith theresultof theLevel 3 algorithmto give a

higheroverall COT trackingeã ciency. TheLevel 3 single-muonreconstruction

eã ciency asmeasuredversustheoà ine reconstructionalgorithmis found to be

constantfor pT (Ì ) Ö 1 Ñ 5 GeVÒ c andis

� Ý
L3� O� ine Û 0 Ñ 997 	 0 Ñ 001(stat)	 0 Ñ 002(syst)Ñ (4.7)

At the Level 3 trigger, the muonsarerequiredto be separatedin z0 by less

than5 cm. The eã ciency ��� z0 of this cut is measuredusing JÉ�Ê candidatesre-

constructedin single-muon-triggerdatasampleswherea Level 3 di-muontrigger

wasnot requiredto acquirethe data. The numbersof eventsthat passedthe z0-
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separationcriterion in the masssignalandsidebandregionsareexamined. The

cut is foundto be100%eã cientwith anuncertaintyof 0.1%. Theuncertaintyis

driven by the statistical limitationsof the small datasamplesobtainedfrom the

single-muontriggers.

4.2.3 COT o� ine reconstructione� ciency

The COT trackingeã ciency is measuredusinga Monte Carlo track embedding

technique[38]. Hits from simulatedmuontracksareembeddedinto CDF RunII

di-muondatasample,andmuontracksarereconstructedsameway with thedata

sample. The denominator for the track reconstructioneã ciency is the number

of embeddedtracks,andthenumeratoris thenumberof trackswhich arerecon-

structedfrom embeddedhits. The distanceresolution andhit-merging distance

areadjustedsotheembeddedtrackhasresidualsandhit distributionsmatchedto

muontracksin JÉ�Ê dataevents. The eã ciency of COT track reconstructionin

di-muoneventsis foundto be

�
COT(p

Ý
T Ö 1 Ñ 5GeVÉ c) Û 0 Ñ 9961 	 0 Ñ 0002(stat)Í 0  0034Î 0  0091(syst)Ñ (4.8)

4.2.4 CMU o� ine reconstructione� ciency

Theoà ine reconstructioneã ciency of muons,includingstubreconstructionand

matchingbetweenstubsandtracksis measuredusingJÉ�Ê§Ë Ì Í Ì Î events. JÉ�Ê s
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arereconstructedfrom single-muontriggersamples,whereoneof thetwo muons

is a triggered,fully reconstructedmuonandsecondmuonis a track[39]. Second

muontrackswhich arein thedi-muon masssignalregion,areextrapolatedto the

muonchambers,andthe eã ciency of finding a matchedstub is measured.For

muonsin the CMU fiducial region with pT (Ì ) Ö 1 Ñ 5 GeVÒ c, the oà ine recon-

structioneã ciency is foundto beindependentof pT andis measuredto be[40]:

�
CMU Û 0 Ñ 986 	 0 Ñ 003(stat) 	 0 Ñ 010(syst)Ñ (4.9)

To selectcleanCMU muons,the track-stubmatchingin the r Ï¬u planeis

requiredto have æ 2(Ó r u ) Ô 9. Theeã ciency of this cut is foundto have a weak

dependenceon p
Ý
T and:

�"!
2 Û (1 Ñ 0018 	 0 Ñ 0003) Ï (0 Ñ 0024 	 0 Ñ 0001)p

Ý
T Ñ (4.10)

Theeã ciency of thetrack-stubmatchingcriterion(æ 2(Ó r u ) Ô 9) asa functionof

JÉ�Ê transversemomentum, obtainedusingan event-by-eventweightingis listed

in Table3.2. The systematicuncertaintyon the weighted-averagematching-cut

eã ciency is obtainedby varyingthenormalizationandslopein Equation4.10by

onestandarddeviation. The changein the weightedaverageeã ciency in each

JÉ�Ê transversemomentum bin is foundto be � 0 Ñ 2%.
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4.2.5 J #%$ o� ine reconstructione� ciency

Sincethetwo muonsoriginatefrom a commondecaypoint, theeã ciency of the

track z0 cut is fully correlatedfor the two muons andis countedonly once. The

combinedpT independentCOT-tracking,muonandLevel 3 reconstructioneã -

cienciesfor JÉ�Ê mesonsis calculatedto be

�
rec Û � L3 � � COT � � CMU � � z0 � �&� z0 Û 95Ñ 5 	 2 Ñ 7%Ñ (4.11)

Table4.3summarizesthe pT -independentreconstructioneã cienciesandthoseof

thevariousmuonselectioncuts.

JÉ�Ê Selection Eã ciency

Level 3 muonreconstruction �
L3 Û 0 Ñ 997 	 0 Ñ 001 	 0 Ñ 002

COT oà ine tracking �
COT Û 0 Ñ 9961 	 0 Ñ 0002Í 0  0034Î 0  0091

Muonoà ine reconstruction �
CMU Û 0 Ñ 986 	 0 Ñ 003 	 0 Ñ 010

Muon z0 position lessthan 	 90 cm �
z0 Û 0 Ñ 9943 	 0 Ñ 0016

Di-muonz0 separationlessthan5 cm �&�
z0 Û 1 Ñ 0 	 0 Ñ 001

Total reconstruction �
rec Û � 2

L3 � � 2
COT � � 2

CMU � � z0 � ��� z0 Û 95Ñ 5 	 2 Ñ 7%

Table4.3: Summaryof JÉ�Ê reconstructioneã ciencies.
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Figure4.1: Acceptanceof JÉ�Ê Ë�Ì�Ì eventsmeasuredusingaGEANT simulation

of the CDF II detector. The acceptanceis shown asa function of pT (JÉ�Ê ) and

y(JÉ�Ê ).
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Figure4.2: DataÒ MC comparisonof the Ì track z co-ordinatemeasuredat R Û
347cm. HistogramsareGEANT MC from cdfsoftv4.9.1,blackcirclesaredata

processedwith cdfsoftv4.8.4.COT only tracksis used.
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Figure4.3: DataÒ MC comparisonof thenumberof events in eachof the48 muon

wedges.Thetotal numberof eventsin theMC is normalizedto data.Wedgeson

the eastarenumbered0-23 andwedgeson the westarenumberedfrom 24-47.

HistogramsareGEANT MC from cdfsoftv4.9.1,blackcirclesaredataprocessed

with cdfsoftv4.8.4.
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Figure 4.4: DataÒ MC comparisonof the Ì track z0 coordinateHistogramsare

GEANT MC from cdfsoft v4.9.1,black circlesaredataprocessedwith cdfsoft

v4.8.4.
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Figure4.5: Fit to L1 CMU triggereã ciency datausedin thecross-sectionmea-

surement(solid line) and the rangeusedto determinethe uncertainty(dashed

line).
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Chapter 5

J crosssection

For the JÉ�Ê crosssectionmeasurement,the JÉ�Ê yield in eachpT bin is weighted

event-by-event to accountfor the measuredeã ciency andacceptancedescribed

in chapter4.1. Eachevent is weightedusingthe Level 1 singlemuoneã ciency

�
L1(pT ) andtheeã ciency of the track-stubmatchingcriterion �.! 2(pT ) appliedto

eachof thetwomuons.Theeventis thencorrectedfor theacceptance
�

(pJØÚÙ
T � yJØ Ù ).

Theweightof eachcandidateeventis given by:

1É wi Û � L1(p
Ý 1
T ) � � L2(p

Ý 2
T ) � � ! 2/ 9(p

Ý 1
T ) �

� !
2/ 9(p

Ý 2
T ) � � (pJØ Ù

T � yJØ Ù ) Ñ (5.1)

The invariantmassdistributions of the weightedeventsarefitted, using the

sameshapesfor signalandbackgroundasshown in Fig. 3.2,3.3,3.4and3.5.The

numberof signaleventsin eachtransversemomentumbin is determinedfrom the
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areaunderthesignalmasspeak.

Theuncertaintyontheweightedyield from themasstemplatefit, N(pT )weighted

is givenby:

� (N(pT )weighted) Û
i 0 Ns

i 0 0
(wi)

2 � (5.2)

whereNs is theraw numberof signaleventsin eachmomentumbin beforeweight-

ing. In asimilar fashion,thedi-muonpT distribution in eachbin is weighted.The

weighedpT distribution of themasssidebandsubtractedeventsin the JÉ�Ê mass

signalregion is usedto determinethemeanpT valuefor eachtransversemomen-

tum bin.

The JÉ�Ê diç erentialcrosssectionis thencalculatedasfollows:

d �
dpT

� Br(JÉ�Ê Ë�Ì Í Ì Î ) Û N(pT )weighted � (1 Ï � � )�
rec � Ldt ��Ó pT

� (5.3)

whered �$É dpT is the averagecrosssectionof inclusive JÉ�Ê in that pT bin inte-

gratedover ä y(JÉ�Ê ) ä Ô 0 Ñ 6,
� � is thecorrectionfactorfor y smearingdefinedby

Equation4.2, � recis the combinedLevel 3 andoà ine trackingandmuonrecon-

structioneã ciency, 1 dtdt is the integratedluminosity, and Ó pT is the sizeof

the pT bin. The cross-sectionvaluesobtainedwith statisticaland pT -dependent

uncertaintiesarelistedin Table5.1.

An uncertaintyof è 0.1%on themomentumscaleis extractedby comparing

the reconstructedJ243 massas shown in Fig. 5.1 to the world averagedvalue

of 3 Ñ 09688 	 0 Ñ 00004GeVÒ c [29]. The 3 MeVÒ c2 diç erenceis attributed to an
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pT (J 576 )( GeVê c) MeanpT Meanp2
T

d8
dpT 9 Br[nbê ( GeVê c)]

d8
dp2

T

Br[nbê ( GeVê c2)]

0.0 ñ 0.25 0.15 0.027 9.13 ñ 0.6(stat) : 1; 1ð 0; 7(syst) 36.5 ñ 2.4(stat) : 4; 2ð 2; 6(syst)
0.25 ñ 0.5 0.39 0.16 28.1 ñ 1.5 : 2; 4ð 1; 6 37.4 ñ 2.0 : 3; 1ð 2; 0
0.5 ñ 0.75 0.64 0.42 45.3 ñ 1.9 : 3; 0ð 2; 1 36.2 ñ 1.5 : 2; 5ð 1; 8
0.75 ñ 1.0 0.89 0.79 59.3 ñ 2.0 : 4; 0ð 2; 9 33.9 ñ 1.1 : 2; 3ð 1; 6
1.0 ñ 1.25 1.13 1.29 69.6 ñ 1.9 : 3; 6ð 3; 2 31.0 ñ 0.8 : 1; 7ð 1; 5
1.25 ñ 1.5 1.38 1.91 73.4 ñ 1.7 : 3; 9ð 3; 5 26.7 ñ 0.6 : 1; 4ð 1; 3
1.5 ñ 1.75 1.63 2.66 75.2 ñ 1.6 : 3; 8ð 3; 3 23.2 ñ 0.5 : 1; 2ð 1; 0
1.75 ñ 2.0 1.87 3.52 72.9 ñ 1.4 : 3; 7ð 3; 3 19.4 ñ 0.4 : 0; 9ð 0; 8
2.0 ñ 2.25 2.13 4.53 69.1 ñ 0.8 : 3; 3ð 2; 9 16.3 ñ 0.2 : 0; 8ð 0; 7
2.25 ñ 2.5 2.38 5.65 67.3 ñ 1.0 : 3; 1ð 2; 8 14.2 ñ 0.2 : 0; 7ð 0; 6
2.5 ñ 2.75 2.62 6.89 57.6 ñ 0.9 ñ 2.6 11.0 ñ 0.2 ñ 0.5
2.75 ñ 3.0 2.87 8.26 52.0 ñ 0.8 ñ 2.4 9.04 ñ 0.13 ñ 0.41
3.0 ñ 3.25 3.12 9.76 43.6 ñ 0.7 ñ 1.9 6.97 ñ 0.10 ñ 0.31
3.25 ñ 3.5 3.38 11.4 37.3 ñ 0.6 ñ 1.6 5.53 ñ 0.08 ñ 0.24
3.5 ñ 3.75 3.62 13.1 31.5 ñ 0.5 ñ 1.3 4.34 ñ 0.07 ñ 0.18
3.75 ñ 4.0 3.87 15.0 26.2 ñ 0.4 ñ 1.2 3.38 ñ 0.05 ñ 0.15
4.0 ñ 4.25 4.12 17.0 22.5 ñ 0.4 ñ 1.0 2.72 ñ 0.05 ñ 0.12
4.25 ñ 4.5 4.38 19.2 18.7 ñ 0.3 ñ 0.8 2.13 ñ 0.04 ñ 0.09
4.5 ñ 4.75 4.62 21.4 16.1 ñ 0.3 ñ 0.7 1.74 ñ 0.03 ñ 0.08
4.75 ñ 5.0 4.88 23.8 13.3 ñ 0.3 ñ 0.6 1.37 ñ 0.03 ñ 0.06
5.0 ñ 5.5 5.24 27.5 10.3 ñ 0.15 ñ 0.42 0.984 ñ 0.014 ñ 0.040
5.5 ñ 6.0 5.74 33.0 7.28 ñ 0.12 ñ 0.29 0.633 ñ 0.010 ñ 0.025
6.0 ñ 6.5 6.24 38.9 5.11 ñ 0.09 ñ 0.20 0.408 ñ 0.0069 ñ 0.016
6.5 ñ 7.0 6.74 45.5 3.54 ñ 0.07 ñ 0.14 0.262 ñ 0.0052 ñ 0.010
7.0 ñ 8.0 7.45 55.7 2.27 ñ 0.03 ñ 0.10 0.151 ñ 0.0019 ñ 0.006
8.0 ñ 9.0 8.46 71.6 1.14 ñ 0.02 ñ 0.05 0.0668 ñ 0.0011 ñ 0.0028
9.0 ñ 10.0 9.46 89.5 0.622 ñ 0.013 ñ 0.025 0.0327 ñ 0.0007 ñ 0.0013
10.0 ñ 12.0 10.8 118 0.278 ñ 0.006 ñ 0.011 0.0126 ñ 0.0003 ñ 0.0005
12.0 ñ 14.0 12.8 165 0.103 ñ 0.003 ñ 0.004 0.00398 ñ 0.00013 ñ 0.00015
14.0 ñ 17.0 15.2 233 0.037 ñ 0.002 ñ 0.002 0.00120 ñ 0.00005 ñ 0.00006
17.0 ñ 20.0 18.3 336 0.014 ñ 0.001 ñ 0.001 0.00037 ñ 0.00004 ñ 0.00002

Table5.1: The diç erentialJ243 crosssectiontimesthe branchingfraction Br <
Br(J243>= ?@? ) asa function of pT for ä y(J243 ) ä Ô 0 Ñ 6. For eachmeasurement,
the first uncertaintyis statistical and the seconduncertaintyis systematic. The
systematic uncertaintiesshown arethe pT dependentuncertaintiesonly. Thefully
correlatedpT independentsystematic uncertaintyin eachbin is 7%.
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underestimation of the energy loss in the silicon detectordue to an incomplete

accountingof the materialat the time the datasampleusedin this analysiswas

processed.The è 0.1%uncertaintyfrom the momentum scalecorrespondsto an

uncertaintyon thediç erentialcrosssectionasd(d �A2 dpT ) 2 dpT B 0 Ñ 1%. Usingthe

valuesin Table5.1,thefirst derivativeof thediç erentialcrosssectionis calculated

andthe momentum scaleuncertaintyon thecrosssectionin eachbin estimated.

Theeç ectwasfoundto besmall,thelargestnegativedeviationbeing-0.08%and

thelargestpositivedeviation being è 0.7%.

Table4.2 summarizesthediç erentcontributionsto the systematicerrorsap-

pliedto thecross-sectionmeasurementfromacceptancecalculationsusingaMonte

Carlosimulation,themassline shapesusedto determinetheyield, thetriggerand

reconstructioneã ciencies,andtheluminosity measurement.

Thediç erentialcross-sectionresultswith systematicandstatistical uncertain-

tiesaredisplayedin Fig. 5.2.Theinvariantcrosssection,d �A2 dpT � Br(J243C=D?E? ),

with systematic errorsis shown in Fig. 5.3. The resultsarealsolisted in Table

4.2.

To obtainthetotal J243 productioncrosssection,thediç erentialcrosssection

is integratedoverthepT range.Theintegral J243 crosssectiontimesthebranching
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ratioBr(J243F=D?@? ) is foundto be

� [pp̄ = J243 X � ä y(J243 ) ä
Ô 0 Ñ 6] � Br(J243C=G?@? )

Û 240 	 1(stat) H 21I 19(syst) nbÑ (5.4)

ThepT -dependentsystematicuncertaintiesaresummedandthenaddedin quadra-

turewith

� stat
totJLK rmBr Û

Nbins

i 0 1
� stat

i

2 Û 1 nb� (5.5)

� syst
totJLK rmBr Û

Nbins

i 0 1
� syst

i (pT ) �C	 16 Û H 21I 19 nb� (5.6)

the fully-correlateduncertaintyof 6.9%: whereNbins is the total numberof pT

bins, � stat
i is the statistical uncertaintyin the cross-sectionmeasurementin the

ith bin, � syst
i (pT ) is the systematicuncertaintyon the measurementin eachpT

bin independentof thecorrelatedsystematicuncertaintyof 6.9%,and � denotes

additionin quadrature.After correctingfor the Br(J243M= ?E? ) Û 5 Ñ 88 	 0 Ñ 10%

[29], thecrosssectionis foundto be

� [pp̄ = J243 X � ä y(J243 ) ä
Ô 0 Ñ 6]

Û 4 Ñ 08 	 0 Ñ 02(stat) H 0  36I 0  33(syst)? b Ñ (5.7)

To comparewith prior measurementswhereonly theportionof thecrosssec-

tion for pT (J243 ) exceeding5 GeVÒ c wasmeasured[41–43], the integratedcross
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sectionof inclusive J243 with pT Ö 5 GeVÒ c and ä v#ä
Ô 0 Ñ 6 at
�

s Û 1960GeVis also

measured.Thecrosssectionis foundto be

� [pp̄ = J243 X� pT (J243 ) Ö 5 Ñ 0 GeVÒ c � ä v (J243 ) ä
Ô 0 Ñ 6]

� BR(J243N=G?@? )

Û 16Ñ 3 	 0 Ñ 1(stat) H 1  4I 1  3(syst) nbÑ (5.8)

Thecomparisonof this resultwith earlierdatais discussedin Chapter7.
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Figure5.1: Invariantmassdistribution of reconstructeddimuon J243 candidates.

Thepointswith errorbarsaredata.Thesolidline is thefit to thesignalshapeusing

adoubleGaussianandalinearfit for thebackground.Theshadedhistogramis the

fitted backgroundshape.Thefit gives a signalof 299800	 800 J243 eventswith

anaveragedmassof 3 Ñ 09391	 0 Ñ 00008GeVÒ c2 obtainedandanaveragewidth of

0 Ñ 020 	 0 Ñ 001GeVÒ c2 mainly dueto detectorresolution.The uncertaintieshere

arestatisticalonly.
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Figure5.2: Inclusive J243 crosssection,d �A2 dpT � Br(J2Q3R= ?E? ), asa function

of J243 pT integratedover the rapidity range ä y ä�Ô 0 Ñ 6. Thediç erentialcrosssec-

tion with systematic andstatistical uncertaintiesaddedis plotted. This includes

correlateduncertainties.
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T . Thediç erentialcrosssectionwith statisticalandsystematic uncertain-

tiesaddedis plotted.This includescorrelateduncertainties.
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Chapter 6

Hb J FRACTION AND THE

b-HADRON CROSSSECTION

In general,the inclusive J243 crosssectioncontainscontributions from various

sources:

� promptproductionof J2Q3 ,

� decaysof excitedcharmoniumstatessuchas 3 (2S),æ c1 andæ c2,

� decaysof b-hadrons.

Thecharmoniumstatesdecayimmediately. In contrast,b-hadronshave long life-

timesthatareon theorderof pico secondsfor thedecayof theb-hadronsto the

J243 mediatedby weakinteractionb = cW. This impliesthatJ243 eventsfrom the

decaysof b-hadronsarelikely to bedisplacedfrom thebeamlinewith measurable
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size.This featurewith precisevertex detectorsuchasSVX II, make it possibleto

separateJ243 of thedecayproductsof b-hadronsfrom promptcharmoniumstates.

In the J2Q3 crosssectionmeasurement,SVX II informationis not neededand

the tracksof themuonsmayor maynot have it. On theotherhand,anaccurate

vertex position where J2Q3 is decayed,is neededto separatedecayproductsof

b-hadrons,andSVX II information is needed.For the J2Q3 sampleusedfor the

measurementof the fraction,bothmuontracksfrom the J2Q3 decaymustsatisfy

high quality COT-SVX II track requirementin addition to the requirementsto

thesampleusedin the J2Q3 crosssectionmeasurement.The total numberof hits

expectedin thefive layersof theSVX II is determinedfrom thenumberof func-

tioning andpoweredsilicon sensorsintersectedby theCOT muontrack. Tracks

missing morethanoneexpectedhit in the SVX II arerejected.Both tracksare

requiredto havea hit in theinnermost layerof theSVX II andahit in thesecond

layer if the sensorintersectedby the COT track is functioning. Correctionsfor

energy lossin theSVX II areappliedto thecandidatemuonsbasedon aGEANT

simulation of the material. Sincethe two muonsaresupposedto be the decay

productsof J243S= ? H ? I , the two muontracksareconstrainedto comefrom a

commonspacepoint. The æ 2 probability of this 3-dimensional vertex fit is re-

quired to exceed0.001. It is found that 139200 	 500 events,or abouthalf of

the total J243 datasample,passthesecriteria. While the datasampleis reduced

by the SVX II requirements,the momentum, angle,and vertex resolutions are
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substantially improved.

Theprimaryvertex, takenasthebeampositionin ther Ï|u plane,is assumed

asthe point whereb-hadronsareproduced.It is calculatedon a run-by-runba-

sis from a datasampletakenusingthe inclusive jet trigger which hasnegligible

contributionsfrom charmandbottomdecayssothebeamlineposition canbecal-

culatedwith no biasfrom detacheddecayvertices.Theresolution of theprimary

vertex in the r Ïzu planeis limi ted by the  30 ? m rms spreadin the sizeof the

beamenvelope.

6.1 Measurementof theFraction of J á�â Events fr om

b-hadrons

Sinceb-hadronshave long life time, the J2Q3 from thedecayHb = J243 X is likely

to bedisplacedfrom theprimaryvertex wherepp̄ collision is happened.And the

J243 is decayedimmediately, thesignedprojectionof theflight distanceof J243 on

its transversemomentum, “Lxy”, is a goodmeasurementof the displacedvertex

andcanbeusedasa variableto separateJ2Q3 of theHb decayproductsfrom that

of promptdecays.Thismethodworkswell for eventswith high pT J243 wherethe

flight directionalignswell with thatof theb-hadron.For events with very low pT

J243 , thenon-negligible amountof J243 with largeopeninganglebetweenits flight

directionandthatof theb-hadronwill impair theseparationability. MonteCarlo
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simulationshows thata reliableb-fractioncanbeextractedusingthis methodfor

eventswith J243 pT greaterthan1.25GeVÒ c.

TheLxy is calculatedas

Lxy(J243 ) ÛUTX � TpT (J243 ) 2�ä pT (J243 ) ä � (6.1)

where TX is thevectorfrom theprimaryvertex to thesecondaryvertex wherethe

J243 decaysto di-muonpair in ther Ï�u planeand TpT (J2Q3 ) is thetransversemo-

mentumvector. Anothervariablect, called“properdecaylength”,which defined

as

ct Û L � 1VXW Û Lxy(b-hadron)� M(b-hadron)2 pT (b-hadron)� (6.2)

is generallyusedfor b-hadronlifetime measurement.However, M(b-hadron) and

pT (b-hadron)areunknown in this analysis.Insteadof thect, to reducethedepen-

denceon theJ2Q3 transversemomentum bin sizeandplacement,anew variablex,

called“pseudoproperdecaylength”, is usedin this analysisanddefinedas

x Û Lxy(J243 ) � M(J2Q3 ) 2 pT (J2Q3 ) � (6.3)

wherethe M(J243 ) is takenastheknown J2Q3 mass[29].

A distribution of the “pseudoproperdecaylength” of the J243 from b-hadron

decayis unknown, andaMonteCarlosimulation is neededto modelthedistribu-

tion of x(J243 ) from b-hadronevents. TheMonteCarlo templatesof the x distri-

butions XMC(x � pJØÚÙ
T ) aregeneratedfor all J243 transversemomentum ranges,and
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aredirectly convoluted with the valueof the x resolutionfunction measuredin

thedatawithoutallowing any of theparametersgoverningtheshapeof theMonte

Carlodistributionsto vary.

6.1.1 The Lik elihoodFunction

An unbinnedmaximum likelihoodfit is usedto extracttheb-fraction fB, fraction

of J243 s which aredecayproductsof b-hadron, from thedata.The J243 pseudo-

properdecaytime x, its error � , andthemassof thedi-muonpairmÝ�Ý aretheinput

variablesto thelikelihood. Themassandlifetime of eacheventis simultaneously

fitted by a log-likelihoodfunction(ln1 ) which is definedas

ln 1 Û
N

i 0 1
ln Y (x � mÝ�Ý ) � (6.4)

whereN is the total numberof events in the massrange2 Ñ 85 Ô mÝ�Ý§Ô 3 Ñ 35

GeVÒ c2.

The massandpseudoproperdecaytime distribution is describedby the fol-

lowing function,

Y (x � mÝ�Ý ) Û fSig B Y Sig(x) B[Z Sig(mÝ�Ý )
è (1 Ï fSig) B Y Bkg(x) B\Z Bkg(mÝ Ý ) (6.5)

where fSig is thefractionof signalJ243 events in themassregion, Y Sig andY Bkg are

thefunctionalformsdescribingthe J243 pseudoproperdecaytime distribution for
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thesignalandbackgroundeventsrespectively, and Z Sig and Z Bkg arethe func-

tional forms describingthe invariantmassdistributions for the signalandback-

groundeventsrespectively. Thesecomponentsof the likelihoodfit is described

below in moredetailbelow.

The function for modeling the J243 pseudoproperdecaytime signaldistribu-

tion consists of two parts,the Hb = J243 X decaypart which labeledY B(x), and

promptdecaypartlabeledY P(x), respectively. ThenY Sig is expressedas

Y Sig(x) Û [ fB �]Y B(x) è (1 Ï fB) ��Y P(x)] � (6.6)

where fB is the fraction of J243 mesonsoriginating in b-hadrondecays. The x

distributions ^ MC of acceptedeventsfrom a Monte Carlo simulation is usedas

templatesfor the x distribution of b-hadroneventsin data. The generateddis-

tributions are convolutedwith a resolutionfunction R(x� Ï x � s � ) suchthat the

Hb = J243 X signalshapeis givenby

Y B(x) Û R(x� Ï x � s � ) _`^ MC(x� ) (6.7)

where s is an overall error scalefactor which representsthe possibleerrorsin

determining thelifetime resolutionandotimes denotesaconvolution. PromptJ243
mesonsareproducedat theprimaryvertex, thereforetheirobserveddisplacement

is describedonly by theresolutionfunction Y P Û R(x � s � ). It is foundthatR(x� Ï
x � s � ) is bestdescribedby asumof two Gaussiandistributionscenteredat x Û 0.

The backgroundrequiresa more complicatedparameterizationto obtain a
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goodfit to thedataoutside the J2Q3 signalregion. Thepseudoproperdecaytime

backgroundfunction is composedof four parts: the zero lifetime component, a

positive slopeexponentialfunction,a negative slopeexponentialfunction,anda

symmetricexponential functionwith bothpositiveandnegativeslopes.Theposi-

tiveslopeexponentialfunctionis chosento modelthebackgroundfrom otherlong

lived b-hadroneventsthatproduceoppositesignmuonssuchasb = c? I ¯a X � c =
? H a X. Thezerolifetime componentis chosento bethesameshapeastheresolu-

tion function. Thesymmetric andnegative slopeexponentialfunctionsareadded

to parameterizetheremainingcomponentsof thebackgroundpseudoproperdecay

timedistributionswhicharefrom unknown sources.Thebackgroundexponential

tailsarealsoconvolutedwith theresolutionfunction.

Thebackgroundfunctionalform is parameterizedasfollows:

Y Bkg(x) Û (1 Ï f H Ï fI Ï fsym)R(x � s � ) (6.8)

è f Hb
H

exp Ï x�b
H

 (x� ) _ R(x� Ï x � s � )

è fIb I exp
x�b I 
 ( Ï x� ) _ R(x� Ï x � s � )

è fsym

2
b

sym
exp Ï x�b

sym

 (x� ) _ R(x� Ï x � s � )

è fsym

2
b

sym
exp

x�b
sym


 ( Ï x� ) _ R(x� Ï x � s � ) � (6.9)

where fc � sym is the fraction of the backgrounddistribution in the positive, neg-

ative andsymmetric exponentialtails respectively,
b c � sym are the corresponding

exponential slopes,and 
 (x) is thestepfunctiondefinedas 
 (x) Û 1 for x Þ 0 and
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 (x) Û 0 for x Ô 0. It shouldbekeptin mindthatthebackgroundstrongly depends

on pT andmÝ�Ý , andthat the likelihoodfunction incorporatesa globalfit over the

full masswindow shown in Fig. 3.2,Fig. 3.3,Fig. 3.4andFig. 3.5,includingthe

J243 peakandmasssidebands.

Themassresolution usedin thelikelihoodfit is betterthanthatshown in Figs.

3.2 - 3.5 becauseof theadditionof SVX II hits to the tracks. For the likelihood

fit, the di-muonmassshapeZ Sig is chosento be simply the sumof two Gaus-

siandistributions. The meansof the Gaussiandistributions areallowed to float

independently:

Z Sig(mÝ�Ý ) Û G1(mÝ�Ý Ï M � � M)

è f2 � G2[mÝ�Ý Ï (M è D) � r2 � M] Ñ (6.10)

Themassfit parametersarethemeanM of themassdistribution, thewidth � M of

thefirst Gaussiandistribution, thefraction f2 of thesecondGaussiandistribution,

theshift D in themeanof thesecondGaussiandistribution,andtheratio r2 of the

widthsof thetwo Gaussiandistributions.Themassbackgroundis modeledusing

alineardistribution. Thisfit is adequatefor theSVX II constraineddi-muonmass.

Thefunctionused,normalizedto unity over themassrangemmin to mmax, is

Z Bkg(mÝ Ý ) Û 1
mmaxÝ�Ý Ï mminÝ�Ý
è Mslope mÝ�Ý Ï mmaxÝ�Ý è mminÝ Ý

2 � (6.11)
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whereMslope is theslopeof themassbackgrounddistribution. Theonly fit param-

eteris Mslope.

6.1.2 The Fits and SystematicUncertainties

Thedistribution of theJ243 pseudoproperdecaytimeandfits to thedistributionsin

threeJ243 pT rangesareshown in Fig. 6.1,Fig. 6.2andFig. 6.3. Thedistribution

of thedi-muoninvariantmasscorrespondto theseJ243 pT rangeswithout SVX II

hits requirementsareshown in Fig. 3.3, Fig. 3.4 andFig. 3.5. Table6.1 shows

theb-fractionsobtainedfrom thefit in eachJ2Q3 pT bin from 1.25- 1.5GeVÒ c to

17.0- 20.0GeVÒ c, with statisticalandsystematic uncertainties.And theFig. 6.4

showsthedistributionof thedistributionof theb-fractionasafunctionof J243 pT .

The inclusive b-hadroncrosssectionis calculatedfrom thesefit resultswith the

inclusive J243 crosssectionin Section6.2

6.2 Measurement of the Inclusive b-hadron Cross

Section

SinceJ243 mesonsfrom decaysof b-hadronshave a diç erentaveragespinalign-

mentthanan inclusive sampleof J2Q3 mesons,anacceptancecorrectionmustbe

appiedto accountfor this diç erence,while the J243 yields andeã cienciesesti-

matedfor the J243 crosssectionareable to usedfor b-hadroncrosssection. In
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pT (J243 ) Fractionfrom Acceptance
GeVÒ c b-hadrons Hb = J243 X

1.25- 1.5 0.094 	 0.010 	 0.012 0.01579	 0.00037
1.5- 1.75 0.092 	 0.006 	 0.010 0.01981	 0.00029
1.75-2.0 0.085 	 0.006 	 0.009 0.02433	 0.00034
2.0- 2.25 0.100 	 0.005 	 0.011 0.02842	 0.00032
2.25- 2.5 0.091 	 0.005 	 0.010 0.03335	 0.00038
2.5- 2.75 0.101 	 0.005 	 0.009 0.03864	 0.00059
2.75- 3.0 0.099 	 0.005 	 0.008 0.04376	 0.00072
3.0- 3.25 0.109 	 0.005 	 0.007 0.04940	 0.00081
3.25- 3.5 0.112 	 0.005 	 0.008 0.05619	 0.00093
3.5- 3.75 0.113 	 0.005 	 0.007 0.0611	 0.0010
3.75- 4.0 0.133 	 0.005 	 0.007 0.0666	 0.0016
4.0- 4.25 0.116 	 0.005 	 0.007 0.0736	 0.0018
4.25- 4.5 0.126 	 0.006 	 0.007 0.0815	 0.0020
4.5- 4.75 0.131 	 0.006 	 0.007 0.0891	 0.0022
4.75- 5.0 0.147 	 0.007 	 0.008 0.0960	 0.0024
5.0- 5.5 0.141 	 0.005 	 0.006 0.1065	 0.0025
5.5- 6.0 0.156 	 0.006 	 0.007 0.1198	 0.0029
6.0- 6.5 0.169 	 0.007 	 0.007 0.1330	 0.0032
6.5- 7.0 0.182 	 0.007 	 0.008 0.1476	 0.0037
7.0- 8.0 0.208 	 0.006 	 0.009 0.1647	 0.0055
8.0- 9.0 0.227 	 0.009 	 0.007 0.1813	 0.0062
9.0- 10.0 0.250 	 0.011 	 0.008 0.1893	 0.0068
10.0- 12.0 0.279 	 0.012 	 0.008 0.2022	 0.0064
12.0- 14.0 0.337 	 0.019 	 0.009 0.2247	 0.0072
14.0- 17.0 0.397 	 0.025 	 0.009 0.2462	 0.011
17.0- 20.0 0.464 	 0.045 H 0  017I 0  011 0.2538	 0.0093

Table6.1: The fraction of J243 events from decaysof b-hadronsand the corre-
spondingacceptance.Thefirst uncertaintyontheb-fractionis thestatistical uncer-
tainty from theunbinnedlikelihoodfit andtheseconduncertaintyis thecombined
systematic uncertaintiesonthemeasurementof theb-fraction.Theuncertaintyon
theacceptanceis thecombinedstatistical uncertaintyfrom MonteCarlostatistics
andthesystematicuncertaintyon theacceptancemeasurement.
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CDFRunI measurements,theeç ectivevalueof thespinalignmentparameter� ed
of J243 from b-hadrondecayswasmeasuredto be � ed [(pT (J243 ) Ö 4 Ñ 0GeVÒ c] Û
Ï 0 Ñ 09 	 0 Ñ 10 [15], where � ed is obtainedby fitting cos
 JØ Ù , the anglebetween

themuondirectionin the J243 restframeandthe J243 directionin the lab frame,

by the functionalform 1 èe� ed � cos2 
 JØÚÙ . More recentmeasurementon thespin

alignmentwasdoneby usingB = J243 X eventscollectedat the f (4S ) resonance.

The BaBar experimentmeasured� B Û Ï 0 Ñ 196 	 0 Ñ 044 for pg Ô 1 Ñ 1 GeVÒ c and

� B Û Ï 0 Ñ 592 	 0 Ñ 032for pg Ö 1 Ñ 1 GeVÒ c [44]. Herethedecayangleof the J243 is

measuredin the f (4S ) restframeandpg is thetotal J243 momentum measuredin

the f (4S ) restframe.

Themorepreciseresultfrom theBaBar experimentis chosenin this analysis

for theacceptancecalculationsfor Hb = J243 X events,assuming it is applicableto

theCDFenvironmentwhereb-hadronsareproducedin fragmentationwith alarge

momentum rangeinsteadof producedat a fixedmomentum asin f decays[45].

First,MonteCarloeventsaregeneratedto havetheJ243 helicity angledistributions

in theb-hadronrestframepredictedfrom � B valuesaccordingto their pg values.

Then,valuesof the spin alignmentparameter� ed for eventsin eachJ243 pT bin

areobtainedby fitting thecosh JØÚÙ distributionsof theseMonteCarloevents. The

systematic uncertaintieson � ed areobtainedby varyingtheinput valuesof � B in

the processaccordingto measurementuncertainties.This processgives a result

consistentwith previousCDFmeasurement,albeitwith smalleruncertainties.For
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example,a new andmoreprecisevalueof � ed Û Ï 0 Ñ 13 	 0 Ñ 01 for the J243 events

with pT (J243 ) Ö 4 Ñ 0 GeVÒ c is obtainedfrom this process.Finally, theacceptance

values,aslistedin Table6.1,arecalculatedfrom theMonteCarloeventsgenerated

with thederivedspinalignmentparametersin eachJ243 pT bin.

Thediç erentialb-hadroncrosssectionsasa funtion of J243 pT arecalculated

in a similar way asthatfor theinclusive J243 . The J243 yieldsin eachpT bin esti-

matedfor J243 crosssectionlistedin Table3.2aremultiplied with theb-fractions

to obtainthecorrespondingHb = J243 yieldsof J243 s from b-hadrondecays.The

new acceptancevalueslistedin Table6.1areusedwhile theJ243 reconstructionef-

ficienciesandluminosity valuestaythesame.Mostof thesystematicuncertainties

in the inclusive J243 crosssectioncalculationcarryover herewithout changeex-

ceptfor thosefrom theJ243 spinalignmenton theacceptancewhichareestimated

usinguncertaintieson � ed . In addition,theuncertaintiesfrom theb-fractionsalso

mustbeincludedin thesystematic uncertainties.TheJ243 from b-hadroninclusive

crosssectionresultswith statistical andsystematicuncertaintiesarelistedin Table

6.2. Thediç erentialcrosssectionwith all statistical andsystematic uncertainties

addedis shown in Fig. 6.5. A recentQCD theoreticalcalculationusinga fixed

order (FO) calculationwith resummationof next-to-leadinglogs (NLL) [13] is

overlaid for acomparison.Thecomparisonwith theoreticalcalculationsis further

discussedin Chapter7.

An integration of the diç erentialb-hadroncrosssectionresultsin Table6.2
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pT (J 576 ) i pT (J 5j6 ) k d8
dpT 9 Br(nbê GeVê c)

d8
dpT 9Br(nbê GeVê c)

( GeVê c) ( GeVê c) J 5j6 from b PromptJ 576
1.25- 1.5 1.38 6.60 ñ 0.70(stat) : 0; 77ð 0; 67(systpT ) 66.8 ñ 1.5(stat): 9; 2ð 9; 1(systpT )
1.5- 1.75 1.63 6.62 ñ 0.44 : 0; 71ð 0; 62 68.6 ñ 1.5 : 8; 2ð 8; 0
1.75- 2.0 1.87 5.93 ñ 0.38 : 0; 62ð 0; 56 67.0 ñ 1.3 : 7; 9ð 7; 7
2.0- 2.25 2.13 6.58 ñ 0.34 : 0; 67ð 0; 56 62.5 ñ 0.7 : 7; 5ð 7; 4
2.25- 2.5 2.38 5.83 ñ 0.30 : 0; 57ð 0; 50 61.5 ñ 0.9 : 7; 3ð 7; 2
2.5- 2.75 2.62 5.50 ñ 0.26 : 0; 51ð 0; 45 52.1 ñ 0.8 ñ 5.2
2.75- 3.0 2.87 4.86 ñ 0.23 : 0; 44ð 0; 38 47.1 ñ 0.7 ñ 4.4
3.0- 3.25 3.12 4.50 ñ 0.20 : 0; 25ð 0; 21 39.1 ñ 0.6 ñ 3.0
3.25- 3.5 3.38 3.94 ñ 0.17 : 0; 23ð 0; 18 33.4 ñ 0.5 ñ 2.8
3.5- 3.75 3.62 3.34 ñ 0.15 : 0; 21ð 0; 16 28.2 ñ 0.4 ñ 2.1
3.75- 4.0 3.87 3.28 ñ 0.14 ñ 0.16 22.9 ñ 0.3 ñ 1.6
4.0- 4.25 4.12 2.45 ñ 0.11 ñ 0.15 20.1 ñ 0.4 ñ 1.5
4.25- 4.5 4.38 2.22 ñ 0.10 ñ 0.11 16.5 ñ 0.3 ñ 1.2
4.5- 4.75 4.62 1.99 ñ 0.09 ñ 0.10 14.1 ñ 0.3 ñ 1.0
4.75- 5.0 4.88 1.84 ñ 0.08 ñ 0.10 11.5 ñ 0.3 ñ 0.8
5.0- 5.5 5.24 1.38 ñ 0.05 ñ 0.06 8.92 ñ 0.13 ñ 0.52
5.5- 6.0 5.74 1.07 ñ 0.04 ñ 0.05 6.21 ñ 0.10 ñ 0.37
6.0- 6.5 6.24 0.817 ñ 0.031 ñ 0.038 4.29 ñ 0.07 ñ 0.24
6.5- 7.0 6.74 0.610 ñ 0.025 ñ 0.026 2.93 ñ 0.06 ñ 0.17
7.0- 8.0 7.45 0.447 ñ 0.014 ñ 0.022 1.82 ñ 0.02 ñ 0.11
8.0- 9.0 8.46 0.246 ñ 0.009 ñ 0.010 0.894 ñ 0.015 ñ 0.047
9.0- 10.0 9.46 0.149 ñ 0.007 ñ 0.006 0.473 ñ 0.010 ñ 0.024
10.0- 12.0 10.8 0.074 ñ 0.003 ñ 0.003 0.204 ñ 0.004 ñ 0.010
12.0- 14.0 12.8 0.034 ñ 0.002 ñ 0.001 0.069 ñ 0.002 ñ 0.003
14.0- 17.0 15.4 0.0143 ñ 0.0009 ñ 0.0007 0.023 ñ 0.001 ñ 0.001
17.0- 20.0 18.3 0.0062 ñ 0.0006 ñ 0.0004 0.0078 ñ 0.0006 ñ 0.0006

Table6.2: TheinclusiveHb = J243 X andpromptJ243 diç erentialcrosssectionsas
a functionof transversemomentumof the J243 with statistical and pT dependent
systematic uncertainties.The crosssectionin eachpT bin is integratedover the
rapidity rangeä y(J243 ) ä�Ô 0 Ñ 6. Thefully correlatedsystematicuncertainty, systfc Û
6 Ñ 9%,from themeasurementof theinclusive J2Q3 crosssectionneedsto combined
with the pT dependentsystematic uncertainties.
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gives thetotal crosssection

� (pp̄ = HbX� pT (J243 ) Ö 1 Ñ 25GeVÒ c � ä y(J243 ) ä.Ô 0 Ñ 6)

� Br(Hb = J243 X) � Br(J243C=G?@? )

Û 19Ñ 4 	 0 Ñ 3(stat)H 2  1I 1  9(syst)nbÑ (6.12)

The systematic uncertaintyquotedincludesthe fully correlateduncertaintyof

6.9%obtainedfrom theinclusive J2Q3 crosssectionmeasurement.Theintegrated

crosssectionextractedabove is correctedfor the branchingfraction Br(J243>=
?@? ) Û 5 Ñ 88 	 0 Ñ 10%[29] to obtain

� (pp̄ = Hb � Hb = J243 � pT (J243 ) Ö 1 Ñ 25GeV2 c � ä y(J243 ) ä�Ô 0 Ñ 6)

Û 0 Ñ 330 	 0 Ñ 005(stat)H 0  036I 0  033(syst)? b Ñ (6.13)

Also, thepromptJ2Q3 crosssectionis extractedby subtractingthecrosssection

of Hb = J243 X from the inclusive J243 crosssection.This calculationis applied

to all J2Q3 with pT Ö 1 Ñ 25 GeVÒ c whereit is ableto extract the b-fraction. The

resultsareshown in Table6.2andin Fig. 6.6.Thesystematic uncertaintieson the

promptJ243 crosssectionaretaken to be theuncertaintieson the inclusive cross

sectionaddedin quadraturewith the uncertaintieson the measuredb-fractions.

Theintegratedcrosssectionof promptJ243 is foundto be:

� (pp̄ = J243 pX� pT (J243 ) Ö 1 Ñ 25GeV2 c � ä y(J243 ) ä�Ô 0 Ñ 6)

Û 2 Ñ 86 	 0 Ñ 01(stat)H 0  34I 0  45(syst)? b� (6.14)
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whereJ243 p denotesa promptJ243 andwherethe J2Q3l=m?@? branchingfractionis

corrected.

The diç erentialb-hadroncrosssectionasa function of pT (Hb) is extracted

from themeasureddiç erentialcrosssectionsof Hb = J243 X by utilizing thedecay

kinematics of charmoniumproducedin b-hadrondecays. The procedurestarts

with thecalculationof contributions to thecrosssectionof b-hadronsin a given

pT (Hb) bin from J243 eventsin therange1 Ñ 25 Ô pT (J2Q3 ) Ô 20 GeVÒ c, wherethe

fractionsof J243 mesonsfrom b decaysis measured.Sinceb-hadronswith pT as

littl e as0 GeVÒ c candecayto J243 with pT aslargeas2.0GeVÒ c, it is possible to

extract b-hadrondiç erentialcrosssectionpT (Hb) down to 0 GeVÒ c from the pT

rangeof measuredJ243 crosssection. In the ith pT (Hb) bin of the crosssection

asa functionof pT (Hb), thetotal contribution from the pT (J243 ) binsof measured

crosssectionasa functionof pT (J243 ) in therange1.25to 20GeVÒ c, is labeledas

theraw crosssection� i(raw), andgivenby

� i(raw) Û N

j 0 1
wi j � j(J243 ) � (6.15)

where� j(J243 ) is thecrosssectionof J2Q3 mesonsfrom Hb in the jth pT (J243 ) bin

andwi j is thefractionof Hb events in the ith pT (Hb) bin relative to thetotal in the

jth pT (J243 ) bin. Thesumof theweightswi j in eachpT (J2Q3 ) bin is normalizedto

1. In somepT (Hb) ranges,not all the J243 from b-hadrondecayhave transverse

momentum andrapidity in the measuredrange1.25 Ô pT (J243 ) Ô 20 GeVÒ c and

ä y(J243 ) ä.Ô 0.6. Thus,theraw crosssectionis correctedfor theacceptancedueto
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the limi ted J243 kinematicrangeto obtainthediç erentialb-hadroncrosssection,

� i(Hb), in the ith pT (Hb) bin,

� i(Hb) Û � i(raw)
f iJ Û

N
j 0 1 wi j � j(J2Q3 )

f iJ � (6.16)

where f iJ is the fractionof bottom hadronsin the ith pT (Hb) bin thatdecaysto a

J243 with atransversemomentumin therange1.25to 20GeVÒ c andrapidity in the

rangeä y(J243 ) ä.Ô 0 Ñ 6. MonteCarlosimulationsareusedto calculatetheweighting

factors,wi j, andacceptancecorrectionfactors, f iJ . In the simulation, the decay

spectrumof Hb = J243 X obtainedfromreferences[44,46] isused.Thecalculation

is repeatedin an iterationprocess:at eachpassthe input productionspectrum

usedin the Monte Carlo is the spectrummeasuredin the previous iterationand

a æ 2 comparisonis madebetweenthe input andoutputspectrums.The process

terminateswhenthe æ 2 comparisonreachthe precisionlimit. This procedureis

foundto beinsensitive to theinitial productionspectrumshape.

Thestatistical uncertaintyin eachpT (Hb) bin is givenby:

� stat( � i(Hb)) Û 1
f iJ

N

j 0 1
wi j � 2

stat( � j(J243 )) Ñ (6.17)

The systematic uncertaintiesare taken as just the simple weightedsum of the

systematic uncertaintiesfrom thediç erentialHb = J2Q3 crosssectionsmeasure-

ments,

� stat( � i(Hb)) Û 1
f iJ

N

j 0 1
wi j � syst( � j(J2Q3 )) Ñ (6.18)
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Theextracteddiç erentialcrosssectionof b-hadronsover theb-hadrontrans-

versemomentumrangefrom 0 to 25GeVÒ c is shown in Fig. 6.7.Thecrosssection

hasbeencorrectedfor thebranchingfractions,Br(Hb = J243 X) Û 1 Ñ 16 	 0 Ñ 10%

andBr(J243n=o?E? ) Û 5 Ñ 88 	 0 Ñ 10%[29], anddividedby two to obtainthesingle

b-hadrondiç erentialcrosssection.Thediç erentialcrosssectionextractedabove

is integratedover the transversemomentum rangeto obtainthe single b-hadron

inclusive crosssection.Thetotal inclusive singleb-hadroncrosssectionis found

to be

� (pp̄ = HbX� ä y ä�Ô 0 Ñ 6) Û 17Ñ 6 	 0 Ñ 4(stat)H 2  5I 2  3(syst)? b Ñ (6.19)
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Figure6.1: Fits to theJ243 pseudoproperdecaytime in therange1 v 25 w pT (?E? ) w
1 v 5 GeVx c to extractthefractionof eventsfrom long-livedb-hadrondecays.The

solid line is the fit to all the events in themasswindow of 2.85to 3.35GeVx c2,

the dashedline is the fit to all signalevents, the solid histogramis the fit to the

portionof thesignaleventsthatarefrom b-hadrondecaysandthedot-dashedline

is thefit to backgroundeventsincluding eventsin theinvariantmasssidebands.
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Figure6.2: Fits to the Jz4{ pseudoproperdecaytime in therange5 v 0 w pT (|E| ) w
5 v 5 GeVx c to extractthefractionof eventsfrom long-livedb-hadrondecays.The

solid line is thefit to all theevents in themasswindow, thedashedline is thefit

to all signalevents,thesolid histogramis thefit to theportionof thesignalevents

that are from b-hadrondecaysand the dot-dashedline is the fit to background

events.
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Figure6.3: Fits to theJz4{ pseudoproperdecaytime in therange12v 0 w pT (|E| ) w
14v 0 GeVx c to extractthefractionof events from long-livedb-hadrondecays.The

solid line is thefit to all theevents in themasswindow, thedashedline is thefit

to all signalevents,thesolid histogramis thefit to theportionof thesignalevents

that are from b-hadrondecaysand the dot-dashedline is the fit to background

events.
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Figure6.4: Fractionof Jz4{ from b-hadrondecaysin the inclusive Jz4{ eventsof

Run-II dataasa function of JzQ{ transversemomentum. Error barsincludeboth

statistical andsystematic errors.
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Figure6.5: Di � erentialcross-sectiondistributionof Jz4{ eventsfrom thedecaysof

b-hadronsasa functionof Jz4{ transversemomentum integratedover therapidity

range � y ��w 0 v 6. The crosseswith error barsare the datawith systematicand

statistical uncertaintiesaddedincluding correlateduncertainties.Thesolid line is

thecentraltheoreticalvaluesusingtheFONLL calculationsoutlinedin [13], the

dashedline is thetheoreticaluncertainty.
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Figure6.6: Theinclusive Jz4{ crosssectionasafunctionof Jz4{ pT integratedover

therapidity range� y ��w 0 v 6 is plottedaspointswith errorbarswhereall uncertain-

ties have beenadded. The hatchedhistogram indicatesthe contribution to the

crosssectionfrom promptcharmoniumproduction. Thecross-hatchedhistogram

is thecontribution from decaysof b-hadrons.
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Chapter 7

Discussion

The inclusive Jz4{ andb-hadroncrosssectionshave beenmeasuredin pp̄ inter-

actionsat � s � 1960GeV in the centralrapidity region of � y ��w 0 v 6. The cross

sectionshavebeenmeasureddown to � 0 GeVx c transversemomentum rangesfor

thefirst time.

To comparewith the CDF Run I measurementsof thecrosssectionat � s �
1800GeV [41,42], the crosssectionmeasurementsin the rangepT (JzQ{ ) � 5 v 0
GeVx c andpseudo-rapidity � v (Jz4{ ) ��w 0 v 6 is extractedfrom the measuredcross

sectionby this analysis.The inclusive Jz4{ crosssectionat � s � 1960GeV is

foundto be

� (pp̄ � Jz4{ X)1960 � Br(JzQ{N�G|E| )

� 16v 3 � 0 v 1(stat)� 1 � 4� 1 � 3(syst)nb� (7.1)
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while theCDFRunI measurementat � s � 1800GeVwas

� (pp̄ � Jz4{ X)1800 � Br(JzQ{N�G|E| )

� 17v 4 � 0 v 1(stat)� 2 � 6� 2 � 8(syst)nbv (7.2)

The crosssectionof Jz4{ eventsfrom Hb decayswith pT (JzQ{ ) � 5 GeVx c and

� v (Jz4{ ) ��w 0 v 6 is foundto be

� (pp̄ � HbX)1960 � Br(Hb � Jz4{ X) � Br(Jz4{N�G|E| )

� 2 v 75 � 0 v 04(stat)� 0 v 20(syst)nb� (7.3)

while equivalentRunI measurement[41,42] was

� (pp̄ � HbX)1800 � Br(Hb � Jz4{ X) � Br(Jz4{N�G|E| )

� 3 v 23 � 0 v 05(stat)� 0 � 28� 0 � 31(syst)nbv (7.4)

Sincethe center-of-massenergy is increasedfrom 1.8 TeV to 1.96 TeV in

Run II, the Run II Jz4{ andb-hadronproductioncrosssectionis expectedto be

higherthanthecrosssectionof RunI by approximately10%. However, theRun

I andRun II crosssectionmeasurementsareconsistentwithin measurementun-

certainties.The ratio of the Run II to Run I di� erentialb-hadroncrosssection

measurementsasa function of pT (Jz4{ ) is shown in Fig. 7.1. The ratiosareall-

mostconstantataround0.86for all transversemomentumrange,andnodi� erence

betweenRunI andRunII in theshapeof thecrosssectionis observed.
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In Fig. 7.2,theB � exclusivedi� erentialcrosssectionpreviously measuredby

CDF RunI at � s � 1800GeV in therange� y ��w 1 v 0 [7], is shown with thecross

sectionextractedfrom themeasurementof this analysisof theinclusive b-hadron

di� erentialcrosssectionat � s � 1960GeV. For thepurposeof this comparison,

the measurementof b-hadroncrosssectionof this analysisis multiplied by the

fragmentationfractionof B � mesons,whcih is theresultfrom LEPexperiments is

used[29]. In addition, b-hadroninclusive crosssectionof this analysisis scaled

up by a factorof 1.67to extendthemeasurementto � y ��w 1 v 0, wheretherapidity

distribution is assumedto be uniform in the region � y ��w 1 v 0. As shown in Fig.

7.2,goodagreementis foundbetweentheextractedmeasurementof theb-hadron

crosssectionof this analysisandthedirectmeasurementof the B � crosssection

of CDFRunI.

In Fig. 6.5 andFig. 6.7, themeasurementis comparedto a QCD calculation

of the b-hadroncrosssectionby Cacciariet al. [13]. This calculation,called

FONLL, usesa Fixed-Orderapproachwith a Next-to-Leading-Logresummation

and a new techniqueto extract the b-hadronfragmentationfunction from LEP

data[12,13]. Thecomparisonsshow goodagreementbetweenthemeasurement

of thisanalysisandthecalculation,for all tranversemomentumranges.Thesingle

b-hadroncrosssectionfrom this FONLL calculationusingtheCTEQ6M parton

distribution functions[47,48,48] is

� FONLL
( �y � � 0 � 6) � 16v 8� 7 � 0� 5 � 0| b (7.5)
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which is in goodagreementwith measurementof this analysis

� (pp̄ � b̄X��� y ��w 0 v 6) � 17v 6 � 0 v 4(stat)� 2 � 5� 2 � 3(syst)| b v (7.6)

Also, this result is comparedto the QCD calculationdescribedin reference

[27]. Thiscalculationemploysafactorizationschemewherethemassof thequark

is considerednegligible anda di� erenttreatmentof the b-hadronfragmentation

functionis used.Thecrosssectioncalculationin [27] is repeatedusing � s � 1960

GeVx c andtheMRST2001partondistributionfunctions[49,50]. Thecentralvalue

of the calculatedcrosssectionintegratedover the rapidity range � y ��w 0 v 6 and

pT (Jz4{ ) � 5 v 0 GeVx c is

� (pp̄ � HbX��� y �Qw 0 v 6) � Br(Hb � Jz4{ X) � Br(Jz4{��G|E| ) � 3 v 2nb (7.7)

which is in goodagreementwith resultof this analysis

3 v 06 � 0 v 04(stat)� 0 v 22(syst)nbv (7.8)
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Chapter 8

Summary

The inclusive centralJz4{ crosssectionhasbeenmeasuredin pp̄ interactionsat

� s � 1960GeV in therange� y �Qw 0.6. Thecrosssectionhasbeenmeasuredover

the full transversemomentumrangefor the first time. The integratedinclusive

Jz4{ crosssectionin thecentralrapidity rangeis foundto be

� [pp̄ � JzQ{ X��� y(Jz4{ ) �4w 0 v 6]

� 4 v 08 � 0 v 02(stat)� 0 � 36� 0 � 33(syst)| b� (8.1)

aftercorrectingfor Br(Jz4{N�G|@| ) � 5 v 88 � 0 v 10%[29].

By utilizing the long lifetime of b-hadrons,the fraction of Jz4{ s which are

decayproductsof b-hadronshasbeenestimated,andthecrosssectionof b-hadron

decayshasbeenmeasuredfor Jz4{ transversemomenta greaterthan1.25GeVx c.

TheintegratedHb � Jz4{ X crosssection,including bothhadronandanti-hadron
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states,andcorrectingfor thebranchingfraction Br(JzQ{ �¡|E| ) � 5 v 88 � 0 v 10%

[29], is foundto be

� [pp̄ � Hb � Hb � Jz4{ X� pT (Jz4{ ) � 1 v 25GeVz c ��� y(Jz4{ ) ��w 0 v 6]

� 0 v 330 � 0 v 005(stat)� 0 � 036� 0 � 033(syst)| b v (8.2)

Transversemomentagreaterthan 1.25 GeVx c of Jz4{ from b-hadrondecay

can prove b-hadrontransversemomentadown to zero. For the first time, the

centralb-hadroncrosssectionasafunctionof b-hadrontransversemomentadown

to zero in pp̄ collisions hasbeenextracted. Comparionof the measuredcross

sectionto FONLL [13] calculationshowed a good agreementfor all b-hadron

transversemomentumrange. The total singleb-hadroncrosssectionintegrated

overall transversemomentawasfoundto be

� [pp̄ � HbX��� y ��w 0 v 6]

� 17v 6 � 0 v 4(stat)� 2 � 5� 2 � 3(syst)| b� (8.3)

which is in goodagreementwith FONLL [13] calculation.Thisagreementof this

analysisto FONLL calculationsolved long term problem,discrepancy between

QCDcalculationandmeasurements.
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