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Abstract

A new measuremertf theinclusive anddifferentialproductioncrosssectionsof
J/¥ mesonsaandb-hadronsn proton-antiprotorcollisionsat /s = 1960GeV is
presentedThe datacorrespondo anintegrateduminosity of 39.7pb* collected
by theCDFRunll detector Theintegratedcrosssectionfor inclusive J/y produc-
tion for all trans\ersemomentarom 0 to 20 GeV/c in therapidity rangely| < 0.6
is found to be 4.08 + 0.02(stat)*335(syst) ub. The fraction of J/y eventsfrom
thedecayof thelong-livedb-hadrongs speratedy usingthelifetime distribution
in all evens with pr(J/¥) > 1.25 GeV/c. The total crosssectionfor b-hadrons,
including both hadronsand anti-hadronsdecayingto J/y with transwersemo-
mentagreaterthan1.25GeV/c in therapidity rangely(J/¢)| < 0.6, is foundto be
0.330+ 0.005(stat) 393%(syst) ub. Usinga Monte Carlo simulation of the decay
kinematcsof b-hadrondo all final statescontainirg a J/y , thefirst measurement
of the total single b-hadroncrosssectiondown to zerotrans\ersemomentumis
extractedat sgqrts =1960GeV. Thetotal single b-hadroncrosssectionintegrated

over all trans\versemomentafor b-hadronsn the rapidity rangely| < 0.6 is found

tobe17.6 + 0.4(stat)"33(syst) ub.
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Chapter 1

Intr oduction

1.1 The Standard Model

The standardnodelis fundamentatheorywhich tell us from whatthis world is
madeof, andhow they arehold together In the context of the standardnodel,all
mattersare composedrom threekinds of elementaryparticles: leptons,quarks
andguagebosons.

Thereare6 “flavors” of quarks,“up(u)”, “down(d)”, “charm()”, “strange§)”,
“bottom(b)” and “top(t)”. They fall into three generationgTable 1.1). Each
qguarksis assigneda baryonnumber B = 1/3. Also, eachquarkis assigned
guantumnumbercharmnessstrangenesdyottomnessandtopness.For u andd
quarks,c = s=t = b = 0,andfor cquark,c = 1ands =t = b = 0. For squark,

s=-1andc =t = b = 0. Therearealsoantiquarksgor each6 flavors, all signs



arereversed.

flavor chage charmness strangenesstopness bottomress

u +2 0 0 0 0

18t generatior{
d -1 0 0 0 0
| c 2 1 0 0 0

2nd generatlor{
s - 0 -1 0 0
t 42 0 0 1 0

3 generatior{
b - 0 0 0 -1

Table1.1: 6 flavorsof quarks.Eachquarkhasfragmentchage +£ or -1

Similarto thequarks therearesix leptons.g, ve, i, viu, T @andvy, (Tablel.1).
They fall into threegenerationsThe numberof leptonsof the sametype, L, for e
andve, areconseredin ary interaction. Therearealsosix antileptonsall signs
arereversed Becaiseof the conserationof theleptonnumberamuondecaysas
ut — e'vey,, butut — ey is notallowed.

Besidesabove leptonsandquarks,thereare particleswhich mediateinterac-
tions. Unlike leptonsand quarks,theseparticleshave spin 1 and called gauge
boson. Thereare4 interactionsand eachinteractionhasits mediateboson. The
intermediato for the electromagnetiinteractionis the photon. The weakinter-

actionis mediatedby 3 bosonsW* andZ. The stronginteractionis mediatedby



(@]
>
()
(o]
D
—
o
_‘:I_
—
A

e -1 1 0 O

15t generatior{
Ve 0 1 0 O
-1 0O 1 O

2nd generatior{
v, 0 0 1 0
T -1 0O 0 1

3 generation{

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

andtauonnumberrespectiely.

8 gluons,andinvolvesonly quarksbut not leptons. The gravity is mediatedby
graviton, but the gravity is too weakandnotincludedin the standardnodel.
Within theelectraveakandstronginteractionthequarkflavorsareconsered,
while weakinteractionmediatedby the W* can changethe flavors. Thatis, a
guarkcandecayinto lighter quarkplus W, for exampleb — cW whereW decay

to quark-antiquarkpair or leptonandits neutrino.

1.1.1 Strong Interaction

In stronginteraction,“color” playsthe role of chage. Whereashereonekind
of electricchage in electromagnetiinteraction(posiive or negative), thereare

threekind of color chagesin stronginteractionred,greenandblue. Eachquark



hasoneof thethreecolorsandanti quarkhasanti color chage. The color chage
is conseredlike electricchageis consered. Stronginteractionworks only be-
tweenquarks,but not with leptonssinceleptonsdo not carry color. Strongin-

teractionbind quarksinto hadronssuchasprotonor pion. Also, force between
nucleongs strongforce,andstronginteractionis responsibldor binding protons

andneutrondnto anucleus.

u(®) Y ulr)

g(br)

Figurel.l: Primitive vertex of quarkplusgluon.

Quarksinteracteachotherby exchangingthe gluons. A primitive vertex of
Feynmandiagramis depictedn Fig. 1.1. The strengthof theinteractionis repre-
sentedoy a strongcouplingconstantrs. In thefigure,ablue up quarkcorverted
into a red up quark. The color of the quarkmay changewhile the flavor of the
guarkstayunchanged Becausehe color is consered, the gluon involved must
have carrythe color (br in Fig. 1.1). Gluonscarry onecolor andoneanti color,
andthereare8 gluons.Forcebetweemuarksis describedy combiring the prim-
itive vertices,for exampleFig. 1.2. Sincethe gluonsthemseles carry the color
unlike the photonin electromagnetimteraction they coupleeachotherandthere

are other primitive verticesshown in Fig 1.3. This leadsto anti-screeningand



Figurel.2: Quarksinteracteachotherby exchanginga gluon.

Figurel.3: Gluonscouplingthemseles.

confinemenbf quarksinto hadrons.The quarkprobedat long distancehasmore
color chage by cloud of gluonsandbiggeras, while quarkprobedat small dis-
tancehaslesscolor chage by cloud of gluonsandsmalleras. This weakingof

strongcouplingconstantis called“asymptoticfreedom”.



1.1.2 Quark Production CrossSection

Factorizationtheorem[16] allows to calculatequark productioncrosssectionin
pp collisions, and b-hadronproductioncrosssectioncan be schematicallyde-

scribedas

o(PP = HoX) _ (5 0(99/99/99 - bX) - oom,
dpr(Hp) dpr(b) ’

(1.1)
where fPP denotesproton structure,o(qq/gg/ag — bX)/dpr(b) denotespa-
toroniccrosssectionwhich s calculablein termsof perturbatve QCD, andDP~"
denotedragmentatiorof b quarkto b-hadron respectiely. In Fig. 1.4, exampk

of Feynmandiagramsnvolvedin patoroniccrosssectioncalculationat Leading

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

g9 Qs a9 qq Q
QQOQOA——
A ) Qs Qs Qs
g Qg q9 g4

Figurel.4: Feynmandiagramdgor gq productionat LeadingOrder

to the LO diagramsyealgluonradiation,virtual gluonexchangeandgluon split-

ting diagramsareinvolved. Theexampleof NLO diagramsareshavnin Fig. 1.5.



Figurel.5: Feynmandiagramdor qqg productionat Next-to-LeadingOrder

1.2 History

The b crosssectionmeasurementis hadroncollider wasstartedoy UAL exper
iment at the SppS(VS = 630 GeV) collider [17,18]. Their resultwasin good
agreementvith next-to-leadingorder(NLO) QCD calculationd4,8,19].
In 1992, CDF Run | reportedexclusive B-mesoncrosssectionthroughthe
decaychainB* — J/yK* [20]. Theresultswere
o(pp — B X; pr > 9.0GeV/c, |yl < 1.0)

= 2.8+ 0.9(sta) + 1.1(sys)ub, (1.2)
andb-quarkcrosssectionwas

o(pp — bX; pr > 11.5GeV/c, ly| < 1.0)

=6.1+ 1.9+ 2.4ub, (1.3)
while thetheorypredictionof b-quarkcrosssectionis [4, 19]

a(pp — bX; pr > 115GeVc, ly| < 1.0) = 1.1*55ub. (1.4)



Theratio of themeasuremerib thetheoryis factorof 6 andthiswasasasurppris-
ing result,althoughthe erroron the measuremenwvasbig. Later, CDF published
b-quark crosssectionmeasuremenfrom inclusive Jy, (2S) [3] andinclusive
leptong[1, 2]. Theresultsareshovn Fig. 1.6. Theresultswereconstantlyhigher
than prediction. CDF measured-quark crosssectionin exclusive decaymode

B® — J/yK*0(892)[21] andreportecthe crosssection

o(pp — bX; pr > 115GeV, |yl < 1.0)

= 3.7 + 1.6(sta) + 1.5(sysjub. (1.5)

Theresultwaslower thanprevious b-quarkcrosssectionmeasuremerit exclu-
sivedecaymode[20] but higherthanthe prediction[4,19]. In 1995,CDFreported
the measurementf differentialB mesoncrosssectionin exclusive decaymode
Bf — J/yK* andB® — J/yK*°(892)with 19.3 + 0.7 pb! of data[5]. There-
sultis shavn in Fig. 1.7 andthe resultsare higherthanthe prediction. In 2001,
CDF reportedanotherdifferential B mesoncrosssectionmeasuremenn exclu-
sive decaymodeB* — J/yK* with increasedlataof 98.4 + 4 pb [7], andthe
resultis shavn in Fig. 1.8. The measuremenwasstill higherthanthe theoritical
prediction.

FromtheTevatron,DO experimentalsopublishedhemeasurementsf b cross
section[11,22-25]. Their resultswerealsohigherthanthe predictionasshowvn
in Fig. 1.9. Theresult[24] of the measuremernaf b productionat large rapidity

showvedlargerdisagreemerthancentralregion betweerthemeasuremerandthe



theoryasshownin Fig.1.10.

Severaltheoreticalexplanatiors weresuggestedhigherordercorrectionsare
large, intrinsic kr effectsare large [26], extreme valuesof the renormalization
scalesare needed,or new methodsof resummabn and fragmentationare re-
quired[12,13,27,27]. Theoriesof new andexotic sourcesof b-hadronshave also
beenproposed28]. Although new calculationmethodFONLL [12,13] shoved
decreasediscrepang betweertheorypredictionandCDF Runl asshowvnin Fig.
1.11,theproblemis notyet solved,alsoaffectedthe earlierTevatronexperiments
coversonly a partof theinclusive pr spectrum.

An inclusive measurementf b-hadronproductionover all transersemo-
mentacanhelpresole this problem.Bottomhadronshave long lifetimes, on the
orderof picosecond§f29], which correspondo flight distancef severalhundred
micronsat CDF The measuredlistancebetweenthe J/y decaypoint and the
beamlineis usedto separatgoromptproductionof charmoniumfrom b-hadron
decays. The b-hadroncrosssectionis then extractedfrom the measuremenof
thecrosssectionof J/y» mesongrom long-livedb-hadronsin this paperthefirst
measuremertf theinclusive b-hadroncrosssectionat 4/s = 1960GeV measured

over all transersemomentain therapidity rangely| < 0.6 is presented.
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QCD calculation[4]. Dashedlines indicatethe uncertaintiesn the prediction.

Measuredcrosssectionsare higher than the prediction, thoughsstill consistent

within theuncertainties.
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Chapter 2

The experimental apparatus

The datausedfor this analysisis collectedby the CDF (Collier Detectorat Fer
milab), locatedin the Fermilab The CDF is a generalpurposedetectorto study
eventsof collisionsof proton-antiprota accelerged by the Tevatron. The Teva-
tron is highest-enagy proton-antiprota acceleratoiin the world. Besidesthe
CDF, the Tevatron hasanothercollision point andthe datais collectedandana-
lyzedby the DO experiment.

Both the acceler#or andthe detectorareundegonemajor upgradesetween
1997and 2001. The enegy in the cmsis increasedo 1.96 TeV, instantaneous
luminosity is increasedand numberof bunchesis increasedo 36 which corre-
spondto 396 ns crossings.The CDF mustaccomplishmaximumresponsdime
shorterthanthat for dead-time-lesslataacquisition In the following sections,

moredetaileddescriptionof the acceleratoandthe detectoiis given.
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2.1 Accderation and creationof protonand antipr o-

ton

At two interactionpointsB0 andDO of the Tevatron,a beamof 980 GeV protons
collideshead-onwith abeamof 980GeV antiprotans. Accelerationof the proton

andantiprobn beamaseedfive stepsandshaw in Fig. 2.1.

2.1.1 Proton

At first, a beamof protonbeginsasH™ ionsproducedn a magnetron.Then,the
ionsareacceleratedo 750keV by Cockcroft-Walton[30] acceleréor, whichis a
two legs capacitordiodevoltagemultiplier.

Next, the ions are sentto a linear accelerato(Linac), and acceleratedrom
750keV kinetic enegy to 400 MeV. The acceleratiorin the Linac is doneby a
seriesof RF cavities. Becauseof the oscillating electricfield, the ions become
groupednto bunches.

Next, the ions are injectedinto the Booster which is a circular protonsyn-
chrotronof 151 min diameter At injection,acarbonfoil stripsthe electrondrom
theH™ ions,leaving only protons.It accelerated00MeV protonsobtainedfrom
theLinacto 8 GeV. Thisis doneby a seriesof electromagneti&icks appliedby
RF cavities, about500keV perturn.

Next, the protonsaretransferredo the Main Injectorandacceleatedto 150
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GeV for injectioninto the Tevatron,or 120GeV for usein antiprota production.
The Main Injectoris a part of upgradeto the Run |l acceleréor comple, andis
capableof higher proton currentsthanits predecessoiMain Ring. The higher

protoncurrentsresultsin a higherrateof antiprotonproduction.

2.1.2 Antiproton

To createantiprotonsthe protonsof 120 GeV extractedfrom Main Injector are
used.The protonsaredirectedinto a nickel targetandcreatea sprayof particles
which containsantiprotons The spraycontains20 antiprotonson averageper
million protons,andthe antiprotonshave meanenengy of about8 GeV. The an-
tiprotonsarefocusedoy a cylindrical lithium lens,andotherparticlesin the spray
areseparated.

Then, the antiprotors are directedto the Delunchersynchrotron. The an-
tiprotons mustbe cooledfor the later acceleratiorand collision. The coolingis
doneby the Debunchersynchrotromat first. Next, the antiprotonsaretransferred
to the 8 GeV Accumulatorsynchrotronand further cooled, and stored. When
enoughantiprotonsarecirculatingin the Accumulator 36 bunchesof antiprotons
aretransferredbackinto the Main Injector for a new store,and acceleratedo-
getherwith 36 bunchesof protons. Thentrangferedto the Tevatron,for thefinal
acceleratiorstageof Fermilabacceleréor complex. Antiproton availability is the

mostlimiti ng factorfor attaininghigh luminosities.
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2.1.3 Tevatron

TheTevatronis asuperconductingynchrotrorof radiusapproximatet 1 km, and
has8 acceleratiorcavities. It receves 150 GeV protonsand antiprotonsfrom

Main Injector, andacceleratethemto 980 GeV. The protonsandantiprotonscir-

cle the Tevatronin opposie directions In Run |l the Tevatronoperateswith a
36 on 36 bunchstructure(protonson antiprotas) with 396 ns spacingbetween
bunchescomparedvith 3.5usin theRunl 6 bunchmode.Thebeamsarebrought
to two collision pointsB0 andDO, for the CDF andDO experiments.

TheLuminosity canbe expresseds:

BN,
B 27[(0’%J + (725)

o’

F(—
(ﬁ*

), (2.1)

where, f is the revolution frequeng, B is the numberof bunches,Ny, 5 arethe
numberof protongantiprobnsperbunch,ando 5 arethe rms beamsizesat the
interactionpoint. F is a form factorwhich dependsn the ratio of ¢, thebunch
length,to B*, the betafunction, at the interactionpoint. The betafunctionis a
measureof the beamwidth, andis proportionalto the beams x andy extentin
phasespace.Antiproton availability is the mostlimiting factorfor attaininghigh

luminosities[31].
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2.2 CDF

The Collider Detectorat Fermilab(CDF) is a multi purposedetectordesignedo
study pp eventsat CMS enegy of /s = 1.96 TeV. The designof the detector
is not specializedor one particularphysicsgoal, but ratherfor mary variety of
topics.An elevationview of the CDF detectoris shovn in Fig. 2.2.

CDF canbe separatednto sub detectorsystens asfollows. The innermost
systemis thetrackingsystem.It hasacylindrical shapeandis concentriowith the
beam.It detectchagedparticle,andprovidesmomentunmandvertex information
of the particle. One quarterof the tracking systemis showvn in Fig. 2.3. The
detectorsclosestto the interactionpoint arethe silicon detectors It consiss of 3
detectorsandits innermostdetectoris Layer 00 which is mountedon the beam
pipe. It's followed by the five layerssilicon sensonrsSilicon Vertex Detector
(SVX 1). Outermossilicon detectoris IntermediateSilicon Layers(ISL), which
coverslargerrapiditythanSVX Il. Outsidethesilicondetectorsthe CentralOuter
Tracker (COT) is placed.

The tracking systemis surroundedy the Time of Flight (TOF) system. Its
purposses identificationof low momentun chagedparticles.

BoththetrackingsystemandTOF areinsideasuperconductingolenoidwhich
provides1.4T magneticfield parallelto thebeam.

Outsidethe solenoidtherearecalorimetrysystens which areseggmentedn ¢

andrn. Eachsegmented‘tower” pointsthe interactionregion, and hasan elec-
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tromagnet calorimeterfollowed by a hadroncalorimeter The electromagnetic
calorimetersareseparatedh n into CEM (centralElectroMagnett), PEM (plug)
andFEM (forward). The hadroncalorimetersn the centralregion areCHA (cen-
tral) andWHA (endwall). Theplug andforwardregion arePHA (plug) andFHA
(forward).

Outermostystemis muonidentificationsystems.It consistsof 3 parts,cen-
tral muonsystem(CMU), centralmuonupgrade(CMP), centralmuonextension

(CMX) andintermediatéviuon Detector(IMU). IMU is notusedin thisanalysis.

2.2.1 Cordinate system

SinceCDF hasapproximatelycylindrical shapethe origin of the coordinatesys-
temis setto the centerof thedetectorandthez directionis definedto bealongthe
directionof the protons.They axisis setto beupward. The x axisis alsodefined
by this, becauséhe right handedcoordinatesystemis used. The polarangled is
measuredrom posiive z direction,andthe azimuthalangleis measurecground

thez axis. The pseudorapidity; is oftenusedinsteadof the theta, anddefinedas
0
n=- Intan(é). (2.2)

Fig. 2.4 shaw thedefinition of the coordinatesystem.
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2.2.2 Tracking system

Sincethe solenoidprovidesuniform magneticfield alongz axis, trajectoryof the
chagedparticlesfrom pp interactionform the helices andcalledtracks.At CDF,
5 parametersre usedto describethe track: impact parameterd,, z,, ¢o, half
curvatureC andA = coté. Fromthehalf curvature thetransversemomentim pr

is calculatedhs
pr = (B/2cC), (2.3)

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

signof the curnvatureis the chage of the particle.Fromcoté, p, is calculatedas
p; = pr X coto. (2.4)

¢o is the directionat the point of closestapproachof the track to the origin. z
is the z position of the point of closestapproachof the track to the origin. The
absolutevalue of the impactparameted, is the distanceof closestapproachof

thetrackto theoriginin r — ¢ plane.Thesignof d, is definedby following,
Z- (do x Pr), (2.5)
where2, d, and Pr aretheunit vectorsin thedirectionof the z axis,dy andpr.

COoT

The COT, CentralOuterTracker playsmainrole in CDF trackingsystem.
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It's a cylindrical opencell drift chamberandits active volumeis 310cm
longin z, andfrom 40cmto 137 cmin radius.The COT has96 sensewire
layerswhich aregroupedinto 8 “superlayersasshovn in Fig. 2.5. Each
superlayers dividedin ¢ into “supercells”,andeachsupercelhasl12 sense
wires. Fig. 2.6 shaws the geometryof the 3 supercelldor superlayer2.
As shavn in Fig. 2.6, eachsuperceliconsistof senseand potentialwires,
andcathoddfield panel. 1.6 mil gold-platedtungstenwire is usedfor both
senseandpotental wire. Thefield panelis gold on a 0.25mil thick Mylar
sheet. The superlayerslternatebetweenstereo(the wires aretilted +3°
with respecto thez axis)andaxial (thewiresareparallelto the z axis),and
superlayerl is stereolayer The supercell is tilted by 35° with respecto
theradialdirection. Thisis becauséhe electrondrift with aLorentzangle
of ~ 35° dueto the solenoidalmagneticfield. The COT is filled with an

Argon-Ethane-CF4(50:35:1§asmixture.

Silicon detectors
CDF hasthreesilicon detectorsand they are from innermos, Layer 00
(LOO), the Silicon Vertex Detector(SVX II) andthe IntermediateSilicon
Layers(ISL). Fig. 2.7 and2.8 shav the endview andthe sideview of the

silicon detectorsrespectiely.

Siliconsensor®f SVX Il aremicrostripdetectorof eithersingle or double-

sided. The single-sidedsensorgrovide only ¢ information, and double-
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sidedsensorprovidebothg andz. On¢ measuremerside,thep-typestrips
areaxially implantednearthe surfaceof lightly dopedn-typebulk, andthe
readoupitchis 60to 65mum dependingnthelayer Onthezside,n* strips
areimplanied with either90° or small sterecangleof 1.2 with respecto
the axial strips. Four silicon sensorsaassemble “ladder” which is 29 cm
long. Readoutelectronicsare mountd on eachendsof the ladders. The
laddersare arrangedn an approximatelycylindrical configuration,which
is called“barrel”. A barrelis sgmenedinto 12 wedgesn r — ¢, andeach
wedgecontainsb layers. SVX Il is built from 3 barrelsadjacentto each

otheralongthez axis.

Innermostetectol.00 is mounedonthebeampipe,consistof single-sided
sensorsand providesonly ¢ measurementsISL consiss of small stereo

angledouble-sidedsilicon sensorsimilar to SVX Il. ISL covers|n| < 2.0.

Table2.1showvs designparametersf the COT andSVX II.

2.2.3 Muon identification

Themuonidentificationsystemarelocatedoehindthecalorimetrysystemswhich
sene asabsorbergor particlewhich arenot muon.Most of particleswhich pene-
tratethe calorimetrysystens aremuons.PionsandKaonswhich reachthe muon

systemsaresourceof backgroundandcalled“punchthrough”.
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car

Number of supelayers 8
Measurerentspersuperlayer 12

SterecAngle +30-3+30-30°
Cell/Layer 168192240288336384432480
Radiusat Cenerof SL 4658708294106119131cm
Tilt Angle 35°

Lengh of Active Region 310cm

Number of chamels 30,240
Materialthickness 1.3%X%

SVXII

Readoticoordnates r—¢;r—z

Number of barrels 3

Number of layers perbarrel 5

Number of wedgesperbarrel 12

Ladcerlength 290cm
Combiredbarrellength 870cm

Radiusat axial layers 2.5454.1206.520 8.22010.0®5¢cm
Radiusat steredayers 2.9% 4.5707.020 8.72010.645¢cm
numberof ¢ strips 256384640768896
nunberof Z strips 256576640512896

¢ strip pitch 6062606065um

Z strip pitch 141125.56014165um
Cell/Layer 168192240288336384432480
Number of chamels 405,94
Materialthickness 3.5%X%

Table2.1: Designparametersf thetrackingsystem.
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CMU TheCMU is locatedin the centralcalorimeterat a radiusof 347 cm, and
covers|n| < 0.6. Fig. 2.9 shaws the locationof the CMU. CMU is sgy-
mentedinto wedgesin ¢. As shown in the figure, sinceeachtower of the
calorimeterhas15’ in ¢ andthe CMU wedgehas12.6, thereis a gap of
2.4 betweenwedges. Therearethreemoduksin eachwedge,and each
moduk consistf 4 layersof 4 rectangulasingle-wiredrift cellsasshovn
in Fig. 2.10. A unit called“stack” is formedfrom 4 drift cells,onecell from
eachlayer Froma pair of adjacentstacks,atoweris formed. Eachcell is

6.35cm x 2.68cm,and226cmlongin zandparallelto z axis.

CMP TheCMPis locatedbehindanadditional60 cm of steelwhich purposés to
reducethe backgroundy punchthrough,andits coverageis alsoln| < 0.6.
Thedrift cellsaresimilarto CMU but its dimenson is 2.5cm x 15cmand
typically 640cmlongin z, with someshortersectionson the bottomof the
detectorto avoid obstructons. A layerof scintillationcounterCSB is also

installed on outsicke the surfaceof the CMP.

CMX The CMX covers0.6 < || < 1.0. It consistsof conicalsectionsof drift
tubes(CMX) and scintilation counters(CSX). Thereis a 30° gap of the
azimuthalkoverageof CMX/CSX. Thedimensiorof its drift cellis different

with CMP only in zandis 180cmlong.
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Table2.2 shavs designparametersf the centralmuondetectorsandFig. 2.11
shavsthe coverageof thethreedetectors.

Fromthetiming informationof the drift cellsin amodule,shorttrackscalled
“stubs” are reconstructed.If a stubis matchedto an extrapolatedtrack recon-
structedn the COT, amuonis reconstructeth the CDF To estimatehetrack-stub
match Xﬁ of the matchis computedbasedon the distancebetweerthe trackand
stub,thedifferencan directionof thetrackandstub,andthe covariancematrix of

thetrack.

2.2.4 Triggering

At ahadroncollier, particularlythe Tevatron it is impossble to recordall thecol-
lisionssincethecollisionrateis muchhigherthantherateatdatacanberecorded.
And only theinterestingeventswhich occupy only smallpartof all the collisions
arerecorded.Hence,the trigger systemplaysimportantrole in CDFE. Thereare
threetriggerlevelsin CDF, they aresimply referred asLevel 1, Level 2 andLevel
3. Eachtrigger level reducesthe size of data,and subsequenkevel usesmore
complicatednformation andtakesmoretime. Collision rateis roughly2.5MHz,
andacceptablegatesat eachlevel are kHz, 300 Hz and 30-50 Hz, respectrely.

Theblock diagramfor the Runll triggersystemis presentedn Fig. 2.12.

Level 1

Thelevel 1 triggerusescustomdesignechardwareto find physcs objects.
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CmMu CMP/CSP CMX/CSX IMU

Pseuderapidity coverage 7l <~ 0.6 Inl <~ 0.6 ~06<|7<~10 ~10<|g <~ 15
Drift tubes:
thickness 2.88cm 2.5cm 2.5cm 2.5cm
width 6.35cm 15cm 15cm 8.4cm
length 226cm 640cm 180cm 363cm
Max drift time 800ns 1.4us 1.4us 800ns
Total drift tubes 2304 1076 228 1728
Scintillators:
thickness 2.5cm 1.5cm 2.5cm
width 30cm 3040cm 17cm
length 320cm 180cm 180cm
Total countes 269 324 864
Pioninteractionlengths 5.3 7.81 6.21 6.2- 201
Min. muonpr 1.4GeV 2.2GeV1.4GeV 1.4-2.0GeV

Multiple scatteringes. 12cm/p(GeV/p) 15cmyp(GeV/p) 13cnyp(GeV/p) 13-25cm/p (GeV/p)

Table 2.2: Designparameter®f the CDF Il Muon Detectors. Pion interaction
lengthsand multiple scatteringare computedat a referenceangleof § = 90° in
CMU andCMP/CSR atanangleof 6 = 55° in CMX/CSX, andshawv therangeof

valuesfor theIMU.
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The hardware consistsof three parallel synchronougprocessingstreams
which feedinputs of the single Global Level-1 decisionunit. Onestream
finds calorimeterbasedobjects,anotherfinds muonswhile the third finds
tracksin the COT. An eXtremelyFast Tracker (XFT) is usedat Level-1,
to reconstructracksin r — ¢ planeto be usedat this level. An extrapola-
tion unit (XTRP) matchesatrackto anelectromagneticalorimeterenegy
clusterfor electronidentificationor to a stubin the muonsystemfor muon

identification

Level 2
ThelLevel 2 triggerusescustomhardwareto do alimited eventreconstruc-
tion which canbe processeth programmablg@rocessorsThelLevel 2 trig-
ger consistsof severalasynchronousubsystmswhich provide input data
to programmals Level 2 Processors the Global Level2 crate. Ther — ¢

information from thesilicon detectorareusedat this level.

Level 3
ThelLevel 3triggeris afarmof about200Linux PCs.Therecompleteavents
arebuilt andmoresophisicatedalgorithns classifyevents. Evens passing
the Level-3 trigger criteria are sentto massstorageor online monitoring

processeby the DataLoggersystem.
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2.2.5 Luminosity

Luminosity is measuredby Cerenlov Luminosty CountergCLC) [32-34] which
arelocatedinside 3 degreeholesinside the endplugcalorimetersn the forward

andbackwardregion. Therateof inelastt pp interactionss givenby
K- fsc =oin - L, (2.6)

wherelL is the instantaneoukiminosty, u is the averagenumberof inelasticpp
interactiongperbunchcrossingand fac is therateof bunchcrossingsThenum-
ber of pp interactionsin a bunch crossingfollows Poissonstatistcs wherethe
probability of empty crossingss given by Py(u) = e*#. An empty crossingis
obseredwhentherearefewer thantwo counterswith signalsabove thresholdin
eithermoduk of the CLC. The measuredraction of empty bunch crossingsis
correctedor the CLC acceptancandthevalueof u is calculated. The measured
valueof u is combinedwith theinelasticpp crosssectionto determineheinstan-
taneousguminosity usingequatian 2.6. Becausehis methoddepend®nly weakly
ontheCLC thresholdsit functionsparticularlywell atlow luminocsitieswherethe
probability of emptybunchcrossingds large. The systematicerror on the lumi-
nositymeasuremeris estimatedo be6%. In CDF Runll, only runswith greater
than10 nb ! integratedluminosity are consideredor analysis. Runswith good
operatingconditionsin the detectorare taggedby the online shift crews. Data

from thoserunsare examinedto exclude oneswith COT, muonor trigger hard-
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wareproblems.For this analysis the datacollectedfrom Februaryto July 2002
wasused. This samplecorrespondso atotal integratedluminosty of 39.7 + 2.3
pb~t. For J/y candidatesvith trans\ersemomentain therange0 to 2 GeV/c, we
usel4.8+ 0.9 pb of our datasamplewhich correspondso thatfraction of the
datacollectedwhenno cut on the di-muonopeninganglein the Level 3 trigger

wasused.
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Figure2.1: A schematioziew of the Runll Tevatronacceleratocomplex at Fer
milab. Thenew Main Injectoris shavn in theleft sideof the TevatronRing. The

CDF detectoiis locatedat oneof the collision points at BO onthe TevatronRing.
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Figure2.2: Elevation view of the CDF Il detector
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Figure2.3: A cut-avay view of onequadranbf the CDF TrackingVolume.

34

=20



oY

—_— e -— z

p p

side view

Y

Figure2.4: Definition of coordinatesisedwith the CDF Runll detector
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Figure2.7: An endview of thesiliconsystemLayer00,SVX Il andISL.
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Figure2.8: A sideview of thesilicon system.(Scalein zis compressed.)
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Figure2.10: An endview of aCMU module,with 4 layersof 4 rectangulasingle-

wire drift cells.
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Figure2.11: Map of themuoncoverage.
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Dataflow of CDF "Deadtimeless"
Trigger and DAQ

Detector 7.6 MHz Crossing rate
132 ns clock cycle

L1 Storage Levell:
Pipeline: : 7.6 MH .S h ipeli
L1 trigoer . z Synchronous pipeline
42 Clock 99 5544ns latency
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Mass
Storage PJW 10/28/96

Figure2.12: Thereadoutfunctionalblock diagramof thethreelevel system.
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Chapter 3

Di-muon selectionand

reconstruction

The datasampleusedfor this analysisis J/¢ — u*u~ sample.lt is collectedby
specifictriggerrequirementst Level 1 andLevel 3. Thereis no triggerrequire-
mentaddedat Level 2 for this datasample.

At Level 1, two CMU muonsarerequiredto exist. For that,theremustbetwo
muonstubsin theCMU, andthey mustbein thesearctwindows setby the XTRP,
whichrecevesinformationof thetracksfrom the XFT andextrapolateshetracks
takinginto accounthe magneticfield andthe multiple scattering.The XFT finds
tracksin r—¢ planeusingthefour axialsuperlayersf the COT, for pr ~ 1.5GeV/c
or above. At this Level, the chagesof di-muonsarenot consideredandthey can

samesign. As notedabove theres no requirementt Level 2 for this datasample,
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theeventswhich passed.evel 1 arepassedo Level 3 triggerautomattally.

At Level 3, thetwo muonsarerequiredto have opposie chage,andtwo muon
tracksarerequiredto have Az < 5 cmatthepointof closesi@approacho theorigin
inr — ¢ plane.In addition,theinvariantmassof the two muonsmustbe between
2.7and4.0GeV/c?. Two Level 3 triggerpathsareusedfor thedatasampleof this
analysis.For onepath,it is requiredthatthe dimuan openinganglein ther — ¢
planeto be> 12890°, andtheresnoopeninganglerequirementor theotherpath.
The datasampletriggeredwithout the openinganglerequiremenis usedto the
measuremertf the crosssectionfor the J/¥s which have transyersemomentim
rangeof O - 2 GeV/c, becauseof the massef J/¢ and muon, my, = 3.097
GeV/c? andm, = 0.106 GeV/c? andthe trigger requiremenpf pr > 1.5 by the

XFT.

3.1 Offlinereconstuction

Thedatapasseall threelevels of triggersare

3.2 Goodrun selection

To make the measurementobust, only “good runs” which are consideredyood
enoughfor the measurementare analyzed. To be a goodrun, the run mustbe

taggedby online shift operatorsand offline productian operators.Also, for this
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analysisCOT, muonidentificationsystemandtriggersystemarerequiredto bein
goodstatusfor the goodrun. And runsonly with greaterthan10 nb! integrated

luminosity areusedfor this analysis.

3.3 J/y event selecton

Eventspassedhe triggerrequirementsrereconstructeafiline. Furtherrequire-
mentsareaddedaftertheoffline reconstructiorbesided.evel 1 andLevel 3 trigger
requirements.

Both muonsarerequiredto have pr > 1.5 GeV/c asmeasuredffline in the
COT. Therewasaknown hardwareproblemin thedi-muontrigger. Eventswhich
bothtwo muonstubsfall into 240- 270 in ¢ areexcluded.Thisproblemwasfixed
afterrun 150143 but for theuniformity, all theeventswhich have two muonstubs
in theregion areexcludedin this analysis.The muonreconstructiorefficiencies
for each48 CMU wedgesaremeasuredTheefficieng/ of the CMU wedgecover-
ing 240- 255 in thewestsideis foundto belower becausef a known hardware
trouble. Eventsin which oneof two muonstubsarein theregion areexcludedin
this analysis.Both offline reconstructednuonsarerequiredto matchthe Level 1
andLevel 3 triggerrequirement.

Table3.1shownsthe selectioncriteriaat eachstageof eventselection.
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Level 1

pT(/’l)XFT > 15 GeV/C
Muon stubsmatchedriggeredstubs

Di-muoncandidatestubsareseperatedby 2 CMU 2.4° towers
Muontracksmatchedo XFT tracksandXTRP projections
Excludetrackswhich passwithin 1.5 cm of the centerof the COT wire
planesn ary of the4 axial layers

Exclude events where both muon stubsfall in the range 240 - 270°
(matchbox8 problem[35])

Level 2

none

Level 3

CMU muons

pr(/,l)co'r > 1.5GeV/c

Opposie signmuons

|Z0(ua) — Zo(u2)l < 5cm

2.7 < M(up) < 4.0GeV/c?

A¢(uu) < 130 whenpr(J/y) > 2.0 GeV/c
stub-trackmatch: A(r¢)cywu < 30cm

Offline

Explicitly requireCMU-only or CMUP muons

XA (Ar¢)emu < 9

ly(J/¥)| < 0.6
COT hits: axial > 20, stereo> 16

|Zo(u)l < 90cm
Excludemuonsin CMU wedgel7W

Table3.1: Selectiorcriteriaat differenteventselectionstages.

47



3.4 J/u yield

Differentialcrosssectionof the J/y is calculatedor eachdividedJ/y pr bin. The
yield in eachJ/y pr bin is needto be calculatedfor the differentialcrosssection
calculation.Singlegaussians not goodenoughto fit the di-muoninvariantmass
distribution becaus®f theradiatve tail. To estimatethe J/y yield in eachpy bin
properly thedi-muoninvariantmasddistribution in eachpr binis fitted usingMC
(Monte Carlo) invariantmassline shapedrom including the radiatie tail from
internalbremsstahlungobtainedirom atunedhit-level COT simulaton. To have
theinvariantmasdine shapesthesimulaed J/y evens aredecayedisingthe J/y
radiatve decaymodelin the QQ decaypackageg36]. The COT hit multiplicity
pertrackis tunedto matchthe dataascloselyaspossible,asshavn in Fig. 3.1.
Then,the COT hit resolutionis tunedto find the besty? in abinnedfit to the data
usingthe Monte Carloinvariantmassline shapefor the signalanda polynomial
shapefor the backgroundFinally, enegy lossandmultiple scatteringn material
encounteredeforethe COT aremodeled.Theenepy lossin the siliconmaterial
is scaleduntil the peaksof the di-muon invariantmassdistribution in different
pr rangesin dataandfrom the simulaton match. The orderof the background
polynomal usedvarieswith thebackgroundgshapean eachJ/y pr range.A third-
orderpolynomal is usedfor themomentumrange0 - 0.25GeV/c, asecond-order
polynomal is usedfor therange0.25- 2.25GeV/c, anda first-orderpolynomal

(linearbackgroundY¥or trans\ersemomentagreaterthan2.25GeV/c. Thefits to
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the invariant massdistributions in four J/¢ pr rangesare showvn in Figs. 3.2,
3.3,3.4and3.5. The J/y yields andthe statistcal uncertaintieobtainedfrom
the fits in eachpr rangeare listed in the first column of Table 3.2. The
massfitting qualitiesover the whole pr bins are good asindicatedfrom the fit
probability shavn in theseFigures. The differencesangingfrom +9% in the
lowest pr bin to -1.3%in the high pr bin are usedvery conseratively asthe

systemadt uncertaintiegrom the masdfitting.

3.4.1 Systematicuncertainties and Goodness-of-Fit

A qualitatve estimateof the goodness-of-fits be obtainedby defininga quality

factorR suchthat
R=Zi(Ni — N¢) (3.1)

whereN; is the numberof dataeventsin the ith invariant massbin and Ns is
the fit prediction. For perfectfits, this factor shouldbe consistentwith 0. The
sumnationis performedover binsin theinvariantmasssignalregionfrom 3.02to
3.15wherethe J/y sighaldominateshe backgroundDeviationsfrom O indicate
a discrepang in theyield thatis a good estimag of the systematicerror on the

yield in eachpr bin.
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pr range Yield Acceptarce Level 1 Trigger Trackstubmatching Luminosity
GeVjc (NY) (AY Efficiercy(e| ;) Eiﬁcien(y(ej(z) (LHYnb?
0.0-0.25 365+ 25 0.0153+ 0.0007 0.85/ +0.013 0.9%3+ 0.00® 14830+ 870
0.25-0.5 605+ 30 0.00669+ 0.0004 0.880+0.013 0.9%3+ 0.00® "
0.5-0.75 962+ 38 0.00/0+ 0.0004 0.86 +0.013 0.9%2+ 0.00® "
0.75-1.0 1592+ 49 0.0B7+0.0005 0.871+0.014 0.9%1 + 0.00® ”
1.0-1.25 2500+ 62 0.0116+0.0006 0.877 +0.014 0.9%0+ 0.00® ”
1.25-1.5 3549+ 74 0.0151+0.0008 0.8% +0.014 0.9%7 + 0.00® "
15-1.75 4517+84 0.0190+0.0009 0.8+ 0.014 0.9%5+ 0.00® "
1.75-2.0 5442+ 93 0.0232+0.0011 0.8®+0.015 0.9%3+ 0.00® "
2.0-2.25 160B9+ 167 0.0Z/1+0.0013 0.9+ 0.015 0.9%0+ 0.00® 3970 + 2300
2.25-25 18534+ 252 0.0317+0.0015 0.911+0.015 0.9%6 + 0.00® ”
2.5-275 18437+ 253 0.0%7+0.0017 0.916+0.015 0.9%3+ 0.00® ”
2.75-3.0 1888+ 259 0.0415+0.0019 0.920=+0.015 0.989+ 0.00® "
3.0-3.25 18101+ 253 0.0467+0.0021 0.924+0.015 0.98B5+ 0.00® "
3.25-35 1797+250 0.0532+0.0024 0.927 +0.015 0.9981 + 0.00® ”
3.5-3.75 16400+ 241 0.05/6+0.0025 0.930+0.015 0.927 + 0.00® ”
3.75-4.0 1483+226 0.028+0.0029 0.9 +0.015 0.923+ 0.00® ”
4.0-4.25 14066+218 0.0804+0.0031 0.9%#+0.015 0.9918+ 0.0010 "
425-45 12719+ 212 0.068+0.0034 0.9% + 0.015 0.9913+ 0.0010 "
45-4.75 12136+ 201 0.0840+0.0037 0.937 +0.014 0.9909+ 0.0010 "
4,75-5.0 10772+ 188 0.094+0.0039 0.99+0.04 0.9904 + 0.0010 ”
5.0-5.5 18478+ 241 0.106+ 0.0042 0.940+0.014 0.987+ 0.0010 ”
55-6.0 14616+ 210 0.1130+0.0046 0.92 +0.04 0.987+ 0.0011 ”
6.0-6.5 11388+ 180 0.157+0.0051 0.946+0.014 0.9876+ 0.0011 "
6.5-7.0 8687 + 154 0.1P7+0.0055 0.946 +0.04 0.985+ 0.0012 "
7.0-8.0 12409+ 139 0.1%1+0.0068 0.946 +0.014 0.98%0+ 0.0012 ”
8.0-9.0 6930+ 107 0.1723+0.0075 0.947 + 0.014 0.9827+ 0.0013 ”
9.0-10.0 3973+78 0.187+0.0079 0.948+0.014 0.984 + 0.004 ”
100-12.0 3806+ 74 0.18B8+0.0074 0.940+ 0.04 0.9772+ 0.0016 "
120-14.0 1566+49 0.2163+0.0081 0.960+ 0.014 0.9726 + 0.0017 "
140-17.0 935+ 40 0.238+0.0110. 951+ 0.014 0.9671+ 0.0018 ”
170-20.0 350+25 0.247 + 0.012 0. 951+ 0.014 0.9800+ 0.00D ”

Table3.2: Summaryof theinclusive J/y cross-sectiomnalysiscomponentsThe
valuesof the yield and statigical uncertaintyfrom the fits arelisted in the 2nd
column.Theacceptancgaluesandthecombiredsystemati@ndstatisitcal uncer

taintiesontheacceptancarelistedin the 3rd column.In the4th and5th columns
the trigger and track-stubmatchingefficienciesobtainedfrom the meanof the
distribution in eachbin andthe correspondingystemat uncertaintiesarelisted.
The sixth columnlists theintegratedluminaosity usedfor eachmeasurement.
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File: Generated internally

ID IDB  Symb Date/Time Area Mean R.M.S.
4000 0 1 030110/1429 2.1152E+05 84.81 7.790
1 0 -31 030109/2213 2.1152E+05 85.50 7.658

COT hit multiplicity from CotSim
24000 I I ‘ I I I I ‘ I I I I ‘ I I I I ‘ I I

[ Toy CotSim i

- @ 4.8.4 I pp tracks
20000

16000

12000

Number of tracks

8000

4000

50 60 70 80 90 100
Total number of COT hits/Track

Figure3.1: COT hit multiplicity distributionson J/y» muontracksobtainedusing
the simge hit level simulaton (shadedhistogam) ascomparedo data. (points

with errorbars.)
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Figure3.2: Invariantmassdistribution of reconstructed/yy — uu eventsin the
rangepr (uu) < 0.25 GeV/c. Thepointswith errorbarsaredata. The solid line is
thefit to the signalshape&rom the simulaton andathird orderpolynamial for the
background.The shadechistogam s the fitted backgroundshape.The number

of signalevens andthefit probability of the binnedy? fitting arealsoprovided.
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Figure3.3: Invariantmassdistribution of reconstructed/y — uu eventsin the
rangel.25 < pr(uu) < 1.5 GeV/c. The pointswith error barsare data. The
solid line is the fit to the signal shapefrom the simulation and a secondorder

polynomal for the background.The shadedhistogramis the fitted background

shape.
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Figure3.4: Invariantmassdistribution of reconstructed/y — uu eventsin the
range5.0 < pr(uu) < 5.5 GeV/c. The pointswith errorbarsaredata. The solid
line is thefit to the signalshapdrom the simuation andalinearbackgroundThe

shadecdhistogramis thefitted backgroundshape.
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Figure3.5: Invariantmassdistribution of reconstructed/y — uu eventsin the
rangel2.0 < pr(uu) < 14.0 GeV/c. Thepointswith errorbarsaredata.Thesolid
line is thefit to the signalshapdrom the simuation andalinearbackgroundThe

shadecdhistogramis thefitted backgroundshape.
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Chapter 4

Acceptanceand efficiencies

4.1 Acceptance

Only afraction of the Jpsis eventsproducedby pp collisions aretriggeredand
reconstructeabfiline becauseof the limited geometricaland kinematicalaccep-
tanceandthe incompkte efficienciesof the detectors.The acceptanceandthe

efficienciesmustbe estimatedcorrectlyfor the crosssectionmeasurement.

4.1.1 Monte Carlo Description

The geometricaland kinematicalacceptanceare computedfrom Monte Carlo.
Generatedl/y evens are decayedby QQ decaypackageand processedwvith
GEANT [37] for full detectoisimulation. Thepositionandslopeof the pp beams,

or SVX Il coveragemay vary betweerruns. To take into accountfor thesevari-
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ationof the conditions they aresetin the simulaton to matchthe useddataused
for this analysis. J/¥ evens aregeneratedtartingwith a kinematicdistribution
thatis flat in rapidity andwith a py distribution selectedo bestmatchtherecon-
structeddata. The evens arefully simulated.After the differentialcrosssection
is measuredthe acceptanceandthe centralvalueof the crosssectionarerecal-
culatedusingthe measured distribution. The GEANT simulatian is validated
by comparingthe resultingdistributions of variouskinematicquantitiessuchas
n, pr , the track-stubmatchingdistance,andthe z vertex distribution in recon-
structeddataandreconstructedonte Carlo events Differencesn the dataand
Monte Carlodistributionsareusedto estimatethe systemat: uncertaintieon the

modelirg of the CDF detectorgeometryin the simulaton.

4.1.2 Acceptarce

The detectoracceptancés neededor the crosssectionmeasuremerto correct
theyield of J/y. For this analysissinceJ/y is reconstructedn the decaymode
Jps — u*u~, the acceptanc®f muonis concerned.The CMU muondetector
covers—0.6 < n < 0.6. And it is sggmentedinto 24 wedgesin ¢, eachwedge
coversl2.6 and2.4° separatiorbetweereachwedgeasshovnin Fig. 2.11. For

this region, the COT covers100% andthe geometricabcceptancés determined
only by the CMU. Besidesthe geometricalacceptancethe kinematicalaccep-

tancemustbe estimatedoo. The calorimetersystemswhich are placedinside

57



the CMU, work asan absorbeffor the CMU, andmuonswhich have pr < 1.35
GeV/c cannotreachthe CMU. Also, the CMU seta lower limit for the pr of
muons by calculatingthe differenceof drift timesin sensewires on alternating
layers.The At < 396nstimingwindow is selectedo befully efficientfor muons
with pr > 1.5.

The acceptancés modeledas a function of both the reconstructedpr(J/v)
andrapidity y(J/¢) andis definedasthe ratio betweenthe numberof generated
eventsN9" andrecontructeaventsN'™,

N™(pr(I/¥). ly(J/y¥)| < 0.6)
N9z (J/¥), ly' (I/¥)l < 0.6)

where p}(J/y) andy'(J/y) arethe true value of momentumand rapidity of the

Alpr.y) = (4.1)

generatedlpsi, respectiely. pr(J/y) andy(J/y) may differ from p;(J/y) and
Y (J/y¢) becausef thedetectoresolution Theacceptancasafunctionof pr and
yisshavnin Fig. 4.1.

The acceptancéncreasesapidly from 0.7% at pr = 0.25GeV/c to 10% at
5 GeV/c and25% at 20 GeV/c. The acceptancén the range0.0-0.25GeV/c is
rapidly varyingasa function of pr(J/¢) andincreasesvith decreasingnomena
from 0.7%at pr(J/¥) = 0.25GeV/c to 4%for J/¢» mesonalmostatrest(pr < 50
MeV/c). The muontrans\ersemomentumis requiredto be greaterthanor equal
to 1.5GeV/c, whichis closeto one-halfof the J/¢ massthereforewhenthe J/y
is atrestbothmuonsarelikely to beabove the pr threshold.As soonasthe J/y

recevesa small boost,the probability is greaterthat at leastone muonwill be
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below the pr acceptancéhresholdandthe acceptancstartsto decreaseintil the
J/y transersemomentum exceedd).25GeV/c.

AcceptanceA aty| = 0.6 is not 0, thoughthe valueis small. Thisis because
of detectoresolutior andthesizeof theinteractiornregion. To estimatehis effect,
J/¥ Monte Carloeventsaregeneratedlat distribution in n of therangely| < 1.0,
andthe pr distribution selectedo bestmatchthereconstructedataasabove. The
relatve acceptanced’, for eventsgeneratedvith |y(J/y)| > 0.6 andreconstructed
with |y(J/v¥)| < 0.6, is calculatedas

A = N"(Iy(I/¥)lgen > 0.6, [Y(I/1))lrec < 0.6)
N9(ly(J/4)Igen < 0.6) ’

where N"(ly(J/y)lgen > 0.6,1y(I/¥)lrec < 0.6) is the numberof J/y eventsin

(4.2)

the Monte Carlosample which aregeneratedy(J/y)|gen > 0.6 andreconstructed
IY(I/¥)lrec < 0.6, and N9(Jy(J/¥)lgen < 0.6) is the total numberof evens gen-
eratedwith |y(J/¢¥)| < 0.6. Thevalueof A’ is foundto be very small: A" =
0.00071+ 0.00006(stat) A correctionfactorof (1 — A’) = 99.93%is appliedto
the J/y yield calculatedn eachpy(J/¥) bin.

A 2-dimensiorl acceptancéunctionis usedfor anevent-byeventcorrection
for the calculationof the J/y crosssection. In Table 3.2, the acceptancealues
averagedfor they, andthe combinedstatistcal and systematiauncertaintiedor
eachpr bin arelisted. J/y spinalignment,pr spectrum,CMU simuation and
detectomaterialdescriptionin GEANT simulation areconsideredasthe source

of the systematiancertaintieanddescribedn following section.
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4.1.3 Systematicuncertainties of acceptance

Sincethe J/y spinalignmentaffectthe pr of muonsfromthe J/y decaykinematc
acceptancasafunctionof pr dependenthe J/y spinalignment.Thenormalized

spinalignmentdistribution is givenby

1(6) =

2 3)(1+ @ cos 6), (4.3)

whered is the anglebetweerthe directionof the muonin the J/y restframeand
thedirectionof the J/¢ in thelab frame[15], anda quantifieshe spinalignment.
The parameterr mustlie in therange-1to 1 anda = 0 indicatesno preferred
spinalignment.The CDF Run| measurementsf the J/y spinalignmentparam-
eter[15] are consistentith zerobut could alsobe aslarge as50% in somepr
regions. Theweightedmeanof @ measuredh differentpr rangesn [15] is usedto
determinghe centralvalueof the parameter to be usedfor theacceptancelThe
valueof @ = 0.13+ 0.15is usedfor the final acceptancealueswherethe uncer
tainty is choserto accommodatéhevariationin the previous CDF measurements
andthe extrapolationto pr = 0 wherea is expectedto be zero. The uncertainty
on acceptancelueto spinalignmentis largestin the lower momentun bins for
it affectsto transversemomentunof muonsfrom J/y decayandthey have more
chanceo have pr lowerthanl.5GeV/c, anddecreasewith increasingrans\erse
momentm. The uncertaintyfrom this sourceis foundto be ~ 5% nearpr = 0

and2% in theregion 17 < pr < 20 GeV/c. The valuesof « obtainedfrom the
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Runl measuremerjil5] arelistedin Table4.1.

pr bin  inclusive « o o

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: Value of the inclusive J/¢ spin alignmentparameter, measuredn

Runl [15].

Thoughtrue J/¢ pr spectrumis not known (it’s the subjectof this analysis),
a pr spectrums neededor the generatiorof J/¢¥ events To estimae the uncer
tainty from variationsof the input transversemomentumspectrumof the gener
atedJ/y , the acceptancés recalculatedisinga Monte Carlo samplegenerated
usingaflat distribution in pr. Theflat distribution is an extremealternatve from
thenominalspectrunwhichis afastfalling functionof pr. Thefractionalchange
in acceptancés taken asthe uncertaintyon the input trans\ersemomentumdis-

tribution. Theuncertaintyis about3% in the lowestmomentm bin, lessthan1%
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in the0.25to0 3 GeV/c bins,1 - 2%in the3 to 4GeV/c bins,and2 - 4% in the4 to
20GeV/c bins.

Themodelingof theCMU in theGEANT detectosimulatoncanhave sources
of theuncertaintyin theacceptancealculation.Themajorsourceofthe GEANT
simulationrelatedto the CMU are,the CMU coveragen r — z plane thewire effi-
cieng differencebetweerwedgesn eastandwestandin differenty sectionsand
beampositionin z. The uncertaintiesre estimatedoy comparingeventdistribu-
tionsin dataandin the Monte Carlo,andtotal uncertaintyfor the CMU modeling
in thesimulationis foundto be 1.0%.

Thereis a gap betweenthe eastand westarchesof the CMU, thatis in the
centerof theCMU in r — zplane(n = 0). Thesizeof the gapis approximately
+11 cm, measuredatr = 347 cm. A muon,which is extrapolatedto the gap
region, may be detectedin the CMU becauseof the multiple scatteringin the
detector Thefractionof the muonsextrapolatedo the gapregion but detectedy
theCMU is estimatedn boththedataandthe Monte Carlo. And thedifferenceof
thefractionsbetweerthe dataandthe Monte Carlois takenasthe uncertaintyon
theacceptancéom this source.lt is foundto be 0.20%. The fraction of dataand
MC eventsfalling in thegapregionis shovn in Fig. 4.2.

Thenumberof obsenedJ/y — u*u~ eventsaredifferentin eastandwestpart
of the CMU dueto severalsourcesincluding the shift in theaverageprimaryver

tex locationtowardsposiive z (east) theexclusionof thelow efficieng/ wedgeon
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thewestsideof thedetectorl 7W, andthe uncertaintyin themodelingof the z ex-
tentof the CMU detectoraswell asthedifferencesn theeastandwestchambers.
East-westasymnetriesin the CMU are calculatedirom the numberof obsened
eventsin eastandwestpartof the CMU, for boththe dataandthe Monte Carlo.
The uncertaintyin the modelingof the eastandwestCMU partis definedasthe
differencebetweerasymmetresof the dataandthe Monte Carlo.

EachCMU wedgehasdifferentgainandefticieng/ for muons but this differ-
enceis notincludedin the GEANT simulation. This canbe sourceof the system
atic uncertaintyfor the acceptancealculation. To studythis sourcethe number
of eventsreconstructeih eachwedgein Monte Carlois normalizedto matchthe
data,andthe numberof eventsreconstructedn both dataand Monte Carlo are
investgated. The standarddeviation of the differencan numberof eventsrecon-
structedn eachwedgein dataandMC is takenasthe uncertaintyof the GEANT
CMU ¢ acceptanceAnd it is foundto be 0.55%. The numberof eventsrecon-
structedn eachwedgein dataandMC is shovn in Fig. 4.3. Thetotal numberof
eventsin MC is normalizedto matchthe data.

Interactionpoints of the generated)/y eventsin the Monte Carlo are dis-
tributedasto matchthat of the data. And muonsfrom J/¢ arerequiredto have
the z, positionto be within 90 cm of the centerof the detectory |zo(1)] < 90 cm.
Comparingthe zy(u) distribution of the Monte Carlo andthe datashowns a small

disagreemenetweerthemasshown in Fig. 4.4. Thisis becausef inadequate
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modelirg of the interactionregion in the Monte Carlo. This contributesto the
acceptancealculationasthe sourceof the systemat: uncertainty andthe con-
tribution is estimatedrom the differencen theratio of dataandMC trackswith
1Zo(1)| < 90 cm comparedo all CMU muons.It is foundto be0.28%.

The muonspassthroughall the detectorcomponentnsidethe CMU andlose
partof its enegy. The materialdescriptionof the detectorin GEANT determines
the amountof enegy loss accordingto the passof the muonsin the detector
Insidethetrackingvolume,the silicon systemhasbiggestinfluenceto theenegy
loss,andit effectsparticularlyto J/y of low trans\ersemomena. To estimatethe
systemadt uncertaintyon the acceptancdrom the inaccuratedetectormaterial
descriptionthe SVX Il materialusedin the GEANT detectorsimulationis varied
by 10% to 20%. Thesystenatic uncertaintyis takenasthedifferencebetweerthe
acceptancealuesmeasuredavith differentmaterialscalefactorsandthenominal.
Theuncertaintyis largestin thelow momentun binsasexpectedandit is around
5%.

Thesystemat uncertaintie®n acceptancealculationaresumnarizedin Ta-
ble 4.2. The sizeof the uncertaintiesrom J/y spinalignment,J/y pr spectrum
and detectormaterial descriptiondependson the muon py rangeas expected,
while the uncertaintyfrom muon detectorsimulaton is samefor all pr ranges

of interestdn this analysis.
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Source Size

Acceptance J/y spinalignment  +(2 — 5)%(pr)
Acceptance pr spectrum +(0 — 5)%(pr)
Acceptance Detectormaterial +(0.4 — 5)%(pr)
Yield Massfits (-1.3 — +9)%(pr)
Yield Momentumscale (-0.1 — +0.7)%(pr)
Luminosity CLC +6.0%
Reconstruction Tablell +2.8%
Acceptance CMU simulaton +1.0%
Yield Dataquality +1.0%

L1 triggerefficieng Tablel +1.5%
Total +6.9%@ 6(pr)

Table4.2: Summaryof systemats uncertaintiesn theinclusive J/¢ crosssection
measuremeniThe pr dependentincertaintiesarelistedin thetop sectionof the
table.In generalthe pr dependentincertaintiesncreasevith decreasingy. The

totalis calculatedrom the pr independensourcesonly.
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4.2 Data Quality

Although the only “good runs” describedn 3.2 areanalyzedthe analyzeddata
samplemayincludehardwareproblems.To invegigatedetectomperformancethe
yield, mean,andresolutionof the J/y invariantmasspeakare monitoredduring
the period of the datataking. Runswhich have J/y yield differentby 4o from
the averageareidentifiedasoutlying runs,whereo is the standarddeviation of
the yield of the run in a given run range. Thereare two suchruns identified,
out of 457 consideredThe integratedluminositiesof thesetwo runsare14.3nb
and258.3nb, respectiely. Furtherinvestigationsof online operationatonditions
during theserunsdo not revealedary obvioushardwareor trigger problem. On
the otherhand,sincethe probabilty which a datasubsampleof 258.3nb out of
a total sampleof 39.7 pb would have a yield differentby > 40, is 1%, both
runsarenot excluded. Instead the measuremeris repeatedvithout the outlying
runsincluded, andthe differencein the measurementis taken as a systemat
uncertainty The uncertaintyon the total crosssectionis found to be lessthan

1%.

4.2.1 Levelltrigger efficiency

ThelLevel 1 di-muontriggerefficieng is measuredby usingJ/y evens,whichare

collectedwith ahigh pr single-rmuontrigger[35]. At Level 1, thistriggerrequires
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amuonwhich have pr graterthan4.0 GeVjc. At Level 3, a J/y is reconstructed
with themuonpassedheLevel 1 requiremenandthe muonwhichis notrequired
to passthe Level 1 trigger This secondmuonwhich is not requiredto passat
Level 1, is usedto measurehe Level 1 single-muorefficiengy.

The denominatorfor the efficieng/ calculationis the numberof J/ recon-
structedwith Level 3 track and muoninformation. TheseJ/¥ candidatesnust
have aninvariantmassbetweer2.7 and3.6 GeV/c?, a openingangleof di-muon
Adyq is lessthan13(0, anda differenceof the two muontracksin z, is lessthan5

cm. Theprobemuonarerequiredto satisfyfollowing:
e To have atleast20 COT axial-layerhitsand16 COT stereo-layehits.
e 7, of thetrackis within 90 cm of the detectorcenter|z| < 90cm.
¢ Matchingbetweerthetrackandthe CMU stubin r — ¢ is y?(Ar¢) < 9.

e Do not passwithin 1.5 cm of the centerof ary of the COT wire planesin
ary of theaxiallayersin orderto avoid theinefficientregion causedy wire

supports

e Theassociatetlevel 3trackmustbematchedo anXFT trackandtheLevel
3 CMU stubmustbematchedo aLevel 1 CMU stubthatlieswithin XTRP

window, to passheLevel 1 tirgget

Measured_evel 1 CMU efficieng is shavn in Fig. 4.5. To correctthe J/y yield
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later, the measuredcfficieng is fit with afunction:
A-1/
é.(p)=E- freq(TpT), (4.4)
wherefreqis the normalfrequeng function:

freq(x) = \/% f " ettt (4.5)

E is the plateauefficiengy, A is associatedavith the pr at which the efficiengy is
half the peakvalue,andR is the effectve Gaussiarresolution,and from the fit,
E = 0977+ 0.002,A = 1.1+ 0.1 (GeV/c)}, andR = 0.28 + 0.06 (GeV/c) !,
respectiely.

Next, the uncertaintyin the Level 1 trigger efficiengy mustbe estimated. To
estimatethe uncertainty the rangeof the uppermostandlowermostfluctuations
supportedy thedataarecomputedasfollows: X' (pr) = X+ (]Xx — X| + 10) where
x is the datavalue, X is the valuereturnedby the fit and o is the uncertaintyon
thedata,while alsotakinginto accounthedatafluctuationsaroundthe centralfit.
The X'(pr) distribution is alsofitted with the samefunctionin Equatio 4.4, and
is shavnin Fig. 4.5asdashedines.

Thedi-muonLevel 1 triggerefficieng is calculatedas:

&V (p1Y) = €(p) - €, (P2) (4.6)

where ¢, (p;) isthesinglemuonLevel 1 triggerefficieng givenby Equationd.4,

and d;l’z arethe trans\yersemomentaof the two muons. The trigger’s exclusion
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of pairswith nearbystubsis includedas part of the geometricacceptanceThe
meanof the Level 1 di-muontriggerefficieng distributionin eachJ/y trans\erse
momentm bin is listedin Table3.2. The maximumdifferencefrom varyingthe
trigger efficienciesby one standarddeviation independenyl for the two muons
is listed asthe uncertaintyon the di-muontriggerin Table3.2. The variationis

foundto bewithin £1.5%n all bins.

4.2.2 Level 3trigger efficiency

TheLevel 3 reconstructiorefficieng/ is dominatedoy the differencebetweerthe
onlineandoffline trackingefficieng. A fasttrackingalgorithmis usedfor pattern
recognitionin the COT at Level 3. In the offline reconstructiora moreaccurate
trackingalgorithmis combinedwith the resultof the Level 3 algorithmto give a
higheroverall COT trackingefficieng.. The Level 3 single-muorreconstruction
efficiengy asmeasuredrersusthe offline reconstructioralgorithmis foundto be

constanfor pr(u) > 1.5 GeV/c andis

€'

{'yoine = 0-997+ 0.001(stat}: 0.002(sst). (4.7)

At the Level 3 trigger, the muonsarerequiredto be separatedn z, by less
than5 cm. The efficieng e, of this cut is measuredising J/y candidatese-
constructedn single-muonrtrigger datasamplesvherea Level 3 di-muontrigger

wasnot requiredto acquirethe data. The numbersof eventsthat passedhe zy-
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separatiorcriterion in the masssignalandsidebandegionsare examired. The
cutis foundto be 100%efficientwith anuncertaintyof 0.1%. The uncertaintyis
driven by the statistcal limitations of the small datasamplesobtainedfrom the

single-muontriggers.

4.2.3 COT offline reconstructionefficiency

The COT trackingefficieng is measuredisinga Monte Carlo track embedding
techniqud38]. Hits from simulatedmuontracksareembeddednto CDF Runl|
di-muondatasample andmuontracksarereconstructedameway with the data
sample. The denomirator for the track reconstructiorefficiencg is the number
of embeddedracks,andthe numeratoiis the numberof trackswhich arerecon-
structedfrom embeddedhits. The distanceresolution and hit-meiging distance
areadjustedsothe embeddedrack hasresidualsandhit distributionsmatchedo
muontracksin J/y dataevents. The efficieng/ of COT track reconstructiorin

di-muoneventsis foundto be

ecor(p > 1.5GeV/c) = 0.9961+ 0.0002(stat))ooai(Syst) (4.8)

4.2.4 CMU offline reconstructionefficiency

The offline reconstructiorefficiengy of muons,including stubreconstructiorand

matchingbetweerstubsandtracksis measuredisingJ/y — u*u~ events J/ys
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arereconstructedrom single-muortriggersamplesywhereoneof thetwo muons
is atriggered fully reconstructednuonandsecondnuonis atrack[39]. Second
muontrackswhich arein the di-muon masssignalregion, areextrapolaedto the
muon chambersandthe efficieng/ of finding a matchedstubis measured.For
muonsin the CMU fiducial region with pr(u) > 1.5 GeV/c, the offline recon-

structionefficiengy is foundto beindependentf pr andis measuredo be[40]:
ecvu = 0.986+ 0.003(sht) + 0.010(syst) (4.9

To selectcleanCMU muons,the track-stubmatchingin ther — ¢ planeis
requiredto have y?(Ar¢) < 9. Theefficieng of this cutis foundto have aweak

dependencen pf and:
&2 = (1.0018+ 0.0003)- (0.0024+ 0.0001);. (4.10)

Theefficieng/ of the track-stubmatchingcriterion (y?(Ar¢) < 9) asa function of
J/y¥ transversemomentim, obtainedusingan eventby-event weightingis listed
in Table 3.2. The systematiauncertaintyon the weighted-&eragematching-cut
efficieng is obtainedby varyingthe normalizationandslopein Equation4.10by
one standarddeviation. The changein the weightedaverageefticieng in each

J/y transersemomentim bin is foundto be < 0.2%.
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4.2.5 J/y offline reconstructionefficiency

Sincethe two muonsoriginatefrom a commondecaypoint, the efficieng/ of the
track zy cutis fully correlatedfor the two muors andis countedonly once. The
combinedpr independenCOT-tracking, muonandLevel 3 reconstructioreffi-

cienciedfor J/y» mesonss calculatedo be
€rec = €13 * €COT * €CMU * €5, * €a,, = 99.5 £ 2.7%. (4.11)

Table4.3summarizeshe pr-independenteconstructiorefficienciesandthoseof

thevariousmuonselectioncuts.

J/¥ Selection Efficieng
Level 3 muonreconstruction €3 =0.997+ 0.001+ 0.002
COT offline tracking ecor = 0.9961+ 0.0002:30534
Muon offline reconstruction ecmu = 0.986+ 0.003+ 0.010
Muon z, position lessthan+90cm €, = 0.9943+ 0.0016
Di-muonz, separatiolessthan5 cm €,y = 1.0+ 0.001
Total reconstruction €rec = €13 - €0t * €omu * €20 En,y = 955+ 2.7%

Table4.3: Summaryof J/y reconstructiorefficiencies.
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Figure4.1: Acceptancef J/y — uu eventsmeasuredisingaGEANT simulation

of the CDF Il detector The acceptancés shovn asa function of pr(J/y) and

y(J/¥).
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Figure4.2: DatgMC comparisorof the u track z co-ordinatemeasuredt R =
347 cm. Histogramsare GEANT MC from cdfsoftv4.9.1,black circlesaredata

processedvith cdfsoftv4.8.4.COT only tracksis used.
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Figure4.3: DatgMC comparisorof thenumberof evens in eachof the 48 muon
wedges.Thetotal numberof eventsin the MC is normalizedto data. Wedgeson
the eastare numbered)-23 and wedgeson the westare numberedrom 24-47.
HistogamsareGEANT MC from cdfsoftv4.9.1,blackcirclesaredataprocessed

with cdfsoftv4.8.4.
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Figure 4.4: DatgMC comparisonof the u track z, coordinateHistogramsare
GEANT MC from cdfsoft v4.9.1, black circles are dataprocessedvith cdfsoft

v4.8.4.
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Figure4.5: Fit to L1 CMU trigger efficiengy datausedin the cross-sectiomea-
surement(solid line) and the rangeusedto determinethe uncertainty(dashed

line).
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Chapter 5

J/y crosssection

For the J/y crosssectionmeasurementhe J/y yield in eachpr bin is weighted
event-byeventto accountfor the measureckfficiengy andacceptancelescribed
in chapter4.1. Eacheventis weightedusingthe Level 1 single muonefficiency
e.1(pr) andthe efficiengy of the track-stubmatchingcriterion €,2(pr) appliedto
eachof thetwo muons.Theeventis thencorrectedor theacceptance?{(pi/ vy,

Theweightof eachcandidatesventis given by:

1/w; ZELl(pfFl) - GLZ(D‘{Z) : 6X2<9(p‘{1)-
E)(2<9(p£|l'2) . ﬂ(pi/"’, yJ/w)- (5.1)

The invariantmassdistributions of the weightedeventsarefitted, usingthe
sameshapedor signalandbackgroundasshonvnin Fig. 3.2,3.3,3.4and3.5. The

numberof signaleventsin eachtrans\ersemomentunbin is determinedrom the
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areaunderthe signalmasspeak.
Theuncertaintyon theweightedyield from the massemplatefit, N(pr)weighed
is givenby:
i=Ns
SIN(Pr)uegne) = 4| ), (W)? (5.2)
i=0
whereNs is theraw numker of signaleventsin eachmomentumbin beforeweight-
ing. In asimilar fashion thedi-muonpy distributionin eachbin is weighted.The
weighedpr distribution of the masssidebandsubtractedeventsin the J/¢ mass
signalregionis usedto determinghe meanpy valuefor eachtrans\ersemomen-

tum bin.

The J/y differentialcrosssectionis thencalculatedasfollows:

d_O' -Br(J/y — /1+,u_) — N(pT)Weighted (1-4A)
€rec” det - Apr

T : (5.3)

wheredo/dpr is the averagecrosssectionof inclusive J/¢ in that pr bin inte-
gratedover [y(J/¥)| < 0.6, A’ is the correctionfactorfor y smearingdefinedby
Equation4.2, €eds the combinedLevel 3 and offline trackingand muonrecon-
structionefficiengy, detdt is the integratedluminosity, and Apy is the size of
the pr bin. The cross-sectiowvaluesobtainedwith statisticaland pr-dependent
uncertaintiesrelistedin Table5.1.

An uncertaintyof +0.1% on the momentumscaleis extractedby comparing
the reconstructedl/yy massas shown in Fig. 5.1 to the world averagedvalue

of 3.09688+ 0.00004GeV/c [29]. The 3 MeV/c? differenceis attributed to an
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pr(J/y)(GeVic) Meanpr Meanp? ;T:-T-Br[nb/( GeV/0)] c%;Br[nb/( GeV/c?)]
0.0+ 0.25 0.15 0.27  9.13z 0.6(stat) "7 7(syst) 36.5TJ_r 2.4(tat) 32(syst)
0.25+ 0.5 0.39 0.16 281+ 1.5%24 37.4+ 2.Of2§%
0.5+0.75 0.64 0.42 453 + 1.9j§f8 36.2+ 1.5f§;§
0.75+ 1.0 0.89 0.79 593+2.0*% 33.9+1.1*%
1.0+ 1.25 1.13 1.29 696 + 1.9ﬁ§§ 31.0+ o.sjﬁ
1.25+ 1.5 1.38 1.91 734+ 1.7% 26.7+0.6*14
1.5+1.75 1.63 2.66 752 + 1.6f§3g 23.2+ 0_5#
1.75+ 2.0 1.87 3.52 729+ 1.4f§3’7 19.4+ 0.4f838
2.0+2.25 2.13 4.53 691 + o.8j§f§ 16.3+ 0.2f§f§
2.25+ 2.5 2.38 5.65 673+1.0*51 14.2+0.2%57
2.5+2.75 2.62 6.89 57.6+ 0.9+ 2.6 11.0+ 0.2+ 0.5
2.75+ 3.0 2.87 8.26 52.0+ 0.8+ 2.4 9.04+ 0.13+ 0.41
3.0+£3.25 3.12 9.76 43.6+0.7+1.9 6.97+0.10+ 0.31
3.25+ 3.5 3.38 11.4 37.3+ 0.6+ 1.6 5.53+ 0.08+ 0.24
3.5+ 3.75 3.62 13.1 315+ 0.5+ 1.3 4.34+0.07+ 0.18
3.75+ 4.0 3.87 15.0 26.2+ 0.4+ 1.2 3.38+ 0.05+ 0.15
4.0+ 4.25 4.12 17.0 225+ 0.4+ 1.0 2.72+0.05+ 0.12
425+ 45 4.38 19.2 18.7+ 0.3+ 0.8 2.13+ 0.04+ 0.09
45+ 4.75 4.62 21.4 16.1+ 0.3+ 0.7 1.74+0.03+ 0.08
4.75+ 5.0 4.88 23.8 13.3+ 0.3+ 0.6 1.37+0.03+ 0.06
5.0+ 5.5 5.24 275 10.3+ 0.15+ 0.42 0.984 + 0.014+ 0.040
5.5+ 6.0 5.74 33.0 7.28+0.12+0.29 0.633 + 0.010+ 0.025
6.0+ 6.5 6.24 38.9 5.11+ 0.09+ 0.20 0.408=+ 0.0069+ 0.016
6.5+ 7.0 6.74 45.5 3.54+ 0.07+ 0.14 0.262+ 0.0052+ 0.010
7.0+ 8.0 7.45 55.7 2.27+0.03+0.10 0.151+ 0.0019+ 0.006
8.0+ 9.0 8.46 71.6 1.14+ 0.02+ 0.05 0.0658 + 0.0011+ 0.0128
9.0+ 10.0 9.46 89.5 0.62+0.013+0.025  0.027+ 0.0007+ 0.0013
100+ 12.0 10.8 118 0.2+ 0.066+0.011  0.0126 + 0.0003+ 0.0005
120+ 14.0 12.8 165 0.108+0.08+0.004  0.00398+ 0.0(013+ 0.0015
140+ 17.0 15.2 233 0.0%7 +0.0®2 + 0.002  0.00120=+ 0.0(005=+ 0.0006
170+ 20.0 18.3 336 0.014 + 0.00L + 0.001  0.00037+ 0.0(004+ 0.0(002

Table5.1: The differential J/¢ crosssectiontimesthe branchingfraction Br =
Br(J/v — pu) asa function of pr for |y(J/¢)| < 0.6. For eachmeasurement,
the first uncertaintyis statistcal andthe seconduncertaintyis systenatic. The
systemadt uncertaintieshavn arethe pr dependentincertaintie®nly. Thefully
correlatedpr independensystemat uncertaintyin eachbin is 7%.
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underestimabn of the enegy lossin the silicon detectordueto anincompkte

accountingof the materialat the time the datasampleusedin this analysiswas

processedThe +0.1% uncertaintyfrom the momentim scalecorresponds$o an

uncertaintyon thedifferentialcrosssectionasd(do-/dpy)/dpr x 0.1%. Usingthe

valuesin Table5.1,thefirst derivative of thedifferentialcrosssectionis calculated
andthe momentim scaleuncertaintyon the crosssectionin eachbin estimated.
Theeffectwasfoundto be small,thelargestnegaive deviation being-0.08%and

thelargestpositive deviation being+0.7%.

Table 4.2 sumnarizesthe differentcontributionsto the systematicerrorsap-
pliedtothecross-sectiomeasuremeritom acceptancealculationsisingaMonte
Carlosimulaton,themasdine shapesisedto determingheyield, thetriggerand
reconstructiorefficiencies andtheluminosty measurement.

Thedifferentialcross-sectiomesultswith systemati@andstatigical uncertain-
tiesaredisplayedin Fig. 5.2. Theinvariantcrosssectiondo/dpr - Br(J/y — up),
with systemat errorsis shovn in Fig. 5.3. Theresultsarealsolistedin Table
4.2.

To obtainthetotal J/ productioncrosssection the differentialcrosssection

isintegratedoverthe pr range.Theintegral J/y crosssectiontimesthebranching
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ratio Br(J/y — up) is foundto be

olpp — J/yX 1y(I/¥)l < 0.6] - Br(I/y — up)

= 240+ 1(sta) Z(sys) nb. (5.4)

The pr-dependensystenatic uncertaintiegresumnedandthenaddedn quadra-

turewith
Npins 2
5fé§;~rm8r = Z (5istat) = 1nb, (5.5)
i=1
. Npins
S =1 D 0.°(pr) { @ £16="3 nb, (5.6)
i=1

the fully-correlateduncertaintyof 6.9%: where Nyi,s is the total numberof pr
bins, 57 is the statigical uncertaintyin the cross-sectiormeasuremenin the
ith bin, 6*(pr) is the systematicuncertaintyon the measuremenin each pr
bin independenof the correlatedsystematiaincertaintyof 6.9%, and® denotes
additionin quadrature After correctingfor the Br(J/y — pu) = 5.88+ 0.10%

[29], thecrosssectionis foundto be

alpp — J/yX,ly(J/¥)l < 0.6]

= 4.08+ 0.02(staj 335(syst)ub. (5.7)

To comparewith prior measurementshereonly the portion of the crosssec-

tion for pr(J/y) exceeding5 GeV/c wasmeasured41-43],theintegratedcross
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sectionof inclusive J/y with pr >5 GeV/cand|y| < 0.6 at v/s=1960GeVis also

measuredThecrosssectionis foundto be

alpp — J/¥X pr(I/y) > 5.0 GeVic, n(I/y)| < 0.6]
-BRE/y — pp)

= 163+ 0.1(sta) 13(sys) nb. (5.8)

Thecomparisorof this resultwith earlierdatais discussedn Chapter7.
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Figure5.1: Invariantmassdistribution of reconstructedlimuaon J/¢ candidates.
Thepointswith errorbarsaredata.Thesolidline is thefit to thesignalshapeausing
adoubleGaussiarandalinearfit for thebackgroundTheshadedistograms the
fitted backgroundshape.Thefit gives a signalof 299800+ 800 J/y eventswith
anaveragednassof 3.09391+ 0.00008GeV/c? obtainedandanaveragewidth of
0.020+ 0.001 GeV/c® mainly dueto detectorresolution. The uncertaintiehere

arestatisticalonly.
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tiesaddeds plotted. Thisincludescorrelateduncertainties.
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Chapter 6

Hp — J/Y FRACTION AND THE

b-HADRON CROSSSECTION

In general,the inclusive J/y crosssectioncontainscontributions from various

sources:

e promptproductionof J/y ,
e decay=f excitedcharmoniunstatessuchasy(2S), y« andyc,

e decayof b-hadrons.

Thecharmoniunstatesdecayimmediatey. In contrastp-hadronshave long life-
timesthatareon the orderof pico seconddor the decayof the b-hadrongo the
J/¥ mediatedoy weakinteractionb — cW. ThisimpliesthatJ/y eventsfrom the

decayof b-hadronsarelik ely to bedisplacedrom thebeamlinewith measurable
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size.This featurewith precisevertex detectorsuchasSVX Il, make it possibleto
separatd/y of thedecayproductsof b-hadrondrom promptcharmoniunstates.
In the J/¢ crosssectionmeasuremen§VX Il informationis not neededand
thetracksof the muonsmay or may not have it. On the otherhand,anaccurate
vertex posiion where J/y is decayed,s neededo separatedecayproductsof
b-hadronsand SVX Il information is needed.For the J/y» sampleusedfor the
measuremenf the fraction, both muontracksfrom the J/y decaymustsatisfy
high quality COT-SVX Il track requirementin additionto the requirementgo
the sampleusedin the J/y crosssectionmeasurementT he total numberof hits
expectedn thefive layersof the SVX Il is determinedrom the numberof func-
tioning and poweredsilicon sensorsntersectedy the COT muontrack. Tracks
missihg morethanoneexpectedhit in the SVX Il arerejected. Both tracksare
requiredto have a hit in theinnermos layerof the SVX Il andahit in thesecond
layerif the sensorintersectedoy the COT trackis functioning Correctionsfor
enepy lossin the SVX Il areappliedto the candidatenuonsbasedona GEANT
simulation of the material. Sincethe two muonsare supposedo be the decay
productsof J/y» — u*u~, the two muontracksare constrainedo comefrom a
commonspacepoint. The y? probability of this 3-dimensioal vertex fit is re-
quiredto exceed0.001. It is found that 139200+ 500 events,or abouthalf of
thetotal J/¢ datasample,passthesecriteria. While the datasampleis reduced

by the SVX Il requirementsthe momentum angle,and vertex resolutions are
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substanally improved.

The primaryvertex, takenasthe beampositionin ther — ¢ plane,is assumed
asthe point whereb-hadronsare produced.lt is calculatedon a run-by-runba-
sisfrom a datasampletaken usingthe inclusive jet trigger which hasnegligible
contributionsfrom charmandbottomdecayssothe beamlineposition canbecal-
culatedwith no biasfrom detachedlecayvertices.Theresolutio of the primary
vertex in ther — ¢ planeis limited by the ~30 um rms spreadn the size of the

beamervelope.

6.1 Measurementofthe Fraction of J/y Eventsfrom
b-hadrons

Sinceb-hadronshave long life time, the J/y¢ from thedecayH, — J/¢ X is likely
to be displacedrom the primaryvertex wherepp collision is happenedAnd the
J/¥ is decayedmmediatly, the signedprojectionof theflight distanceof J/¥ on
its transversemomentum“L,,”, is a good measuremenf the displacedvertex
andcanbe usedasa variableto separatel/y of the H, decayproductsfrom that
of promptdecays.This methodworkswell for eventswith high pr J/y¥ wherethe
flight directionalignswell with thatof theb-hadron.For evens with very low pr
J/y , thenon-ngligible amountof J/y with largeopeninganglebetweerits flight

directionandthatof the b-hadronwill impair the separatiorability. Monte Carlo
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simulationshavs thatareliableb-fraction canbe extractedusingthis methodfor
eventswith J/y pr greaterthan1.25GeV/c.

ThelL,y is calculatedas

Ly (3/9) = X - Br(3/w)/1pr (3/9)), (6.1)

whereX is the vectorfrom the primary vertex to the secondaryertex wherethe
J/¢ decaygo di-muonpairin ther — ¢ planeand gy (J/y) is thetrans\ersemo-
mentumvector Anothervariablect, called“properdecaylength”, which defined

as

ct=1L- ,Eii = Lyy(b-hadron) M(b-hadron) pr(b-hadron) (6.2)
Y

is generallyusedfor b-hadronlifetime measurementiowever, M(b-hadror) and
pr(b-hadron)areunknaown in this analysis.Insteadof thect, to reducethe depen-
denceonthe J/y trans\ersemomentun bin sizeandplacementa new variablex,

called“pseudopropedecaylength”, is usedin this analysisanddefinedas

x = Ly(3/¥) - MI/y)/ pr(3/¥), (6.3)

wherethe M(J/y) is takenastheknown J/y masg29].

A distribution of the “pseudopropedecaylength” of the J/¥ from b-hadron
decayis unknonvn, anda Monte Carlosimulaton is neededo modelthe distribu-
tion of x(J/y) from b-hadronevents The Monte Carlotemplaesof the x distri-

butions Xy (X pi/‘”) aregeneratedor all J/y transversemomentun rangesand
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are directly convoluted with the value of the x resolutionfunction measuredn
thedatawithoutallowing ary of theparametergoverningthe shapeof the Monte

Carlodistributionsto vary.

6.1.1 The Lik elihood Function

An unbinnedmaximum lik elihoodfit is usedto extractthe b-fraction fg, fraction
of J/ys which aredecayproductsof b-hadron, from the data. The J/¢¥ pseudo-
properdecaytime x, its erroro-, andthe massof thedi-muonpairm,, aretheinput
variablego thelikelihoad. Themassandlifetime of eacheventis simultaneously

fitted by alog-likelihood function (In.£) whichis definedas

N
InL=>"InF(xm,), (6.4)
i=1

whereN is the total numberof eventsin the massrange2.85 < m,, < 3.35
GeV/c.
The massand pseudopropedecaytime distribution is describedby the fol-

lowing function,

F (X M) = fsig X Fsig(X) X Msig(my,,)

+ (1 - fsig) X Farg(X) X Makg(My,.) (6.5)

wherefsjq is thefractionof signalJ/y evensin themassegion, Fsig and¥ gy are

the functionalformsdescribingthe J/ pseudopropedecaytime distribution for
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the signalandbackgroundeventsrespectiely, and Msjg and Mgq arethe func-
tional forms describingthe invariantmassdistributions for the signaland back-
groundeventsrespectiely. Thesecomponent®f the likelihoodfit is described
belov in moredetailbelow.

The functionfor modeling the J/y pseudopropedecaytime signaldistribu-
tion consiss of two parts,the H, — J/yX decaypartwhich labeled#z(x), and

promptdecaypartlabeledfp(x), respectrely. Then¥sg is expresseds
Fsig(X) = [fa - Fa(X) + (1 - fs) - Fp(X)], (6.6)

where fg is the fraction of J/y mesonsoriginatingin b-hadrondecays. The x
distributions X\c of acceptedeventsfrom a Monte Carlo simulation is usedas
templatesfor the x distribution of b-hadroneventsin data. The generatedlis-
tributions are convoluted with a resolutionfunction R(xX' — X, so”) suchthat the

H, — J/¥ X signalshapés givenby
Fe(X) = R(X - X, 50) ® Xmc(X) (6.7)

wheres is an overall error scalefactor which representghe possibleerrorsin
determiniry thelifetime resolutionandotimes denotes convolution. PromptJ/y
mesonsareproducedatthe primaryvertex, thereforetheir obseneddisplacement
is describednly by theresolutionfunctionFp = R(X, o). It is foundthatR(x' —
X, so) is bestdescribedy a sumof two Gaussiartistributionscenteredat x = 0.

The backgroundrequiresa more complicatedparameterizatiorio obtain a
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goodfit to the dataoutsice the J/y signalregion. The pseudopropedecaytime
backgroundunctionis composedf four parts: the zerolifetime componenta
positive slopeexponentialfunction, a negative slopeexponentialfunction,anda
symmetric exponental functionwith both positive andnegative slopes.The posi-
tive slopeexponentiafunctionis choserto modelthebackgroundrom otherlong

lived b-hadroneventsthatproduceopposie signmuonssuchasb — cu vX, ¢ —

utvX. Thezerolifetime components choserno bethe sameshapeastheresolu-
tion function. The symmetic andnegative slopeexponentialfunctionsareadded
to parameterizéheremainingcomponentsf thebackgroungseudopropedecay
time distributionswhich arefrom unknowvn sourcesThe backgroundexponential
tails arealsocornvolutedwith theresolutionfunction.

Thebackgroundunctionalform is parameterizedsfollows:

Fekg(¥) = (1 - f, = £ — fym)R(X, s0) (6.8)

+ ;—+ exp(—/li)e(x’) Q@ R(X — X, sor)

f_ X , ,
+ T exp(/l—) 0(—x) @ R(X' — X, o)

fsym ( X, )
+ exp| - (X)) ® R(X — X, so
2o p om (X)) ® R( )
f ’
bm exp( X )9(—x’)®R(x’ _ % s0), 6.9)
2/lsym /lsym

where f. sym is the fraction of the backgrounddistribution in the positive, neg-
ative and symrretric exponentialtails respectiely, 1. sym arethe corresponding

exponental slopesandé(x) is the stepfunctiondefinedasé(x) = 1 for x > 0 and
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6(x) = Ofor x < 0. It shouldbekeptin mindthatthebackgroundtrongly depends
on pr andm,,, andthatthe likelihood functionincorporatesa globalfit over the
full masswindow shovnin Fig. 3.2, Fig. 3.3,Fig. 3.4andFig. 3.5,includingthe
J/¥ peakandmasssidebands.

Themasgesolution usedin thelik elihood fit is betterthanthatshavn in Figs.
3.2 - 3.5becausef the additionof SVX II hits to the tracks. For the likelihood
fit, the di-muonmassshapeMs;q is chosento be simply the sumof two Gaus-
siandistributions. The meansof the Gaussiardistributions are allowed to float

independenti:

Msig(m,,) = G1(my, — M, om)

+ fz . Gz[mﬂ# — (M + D), rsz]. (610)

Themasdit parameterarethemeanM of the massdistribution, thewidth oy, of
thefirst Gaussiaristribution, thefraction f, of the secondGaussiardistribution,
theshift D in the meanof the secondGaussiaristribution, andtheratior, of the
widthsof thetwo Gaussiardistributions. The massbhackgrounds modeledusing
alineardistribution. Thisfit is adequatéor the SVX Il constrainedli-muonmass.

Thefunctionusednormalizedo unity overthe massrangem™" to m™, is

1
Mekg(Myy) = ———rr
H mmlax _ m/rjr/\lln |
mmax 4 ppymin
+ MSlOpe(m;zy - Z—W ), (6.11)
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whereMgopeis the slopeof the masshackgroundlistribution. Theonly fit param-

eterls Ms|0pe

6.1.2 The Fits and SystematicUncertainties

Thedistribution of the J/y» pseudopropedecaytime andfits to thedistributionsin
threeJ/y pr rangesareshowvn in Fig. 6.1,Fig. 6.2 andFig. 6.3. Thedistribution
of thedi-muoninvariantmasscorrespondo theselJ/y pr rangeswithout SVX I
hits requirementareshown in Fig. 3.3, Fig. 3.4andFig. 3.5. Table6.1 showvs
the b-fractionsobtainedfrom thefit in eachJd/y pr bin from 1.25- 1.5GeV/c to
17.0- 20.0GeV/c, with statisticalandsystenatic uncertaintiesAnd the Fig. 6.4
shawvsthedistribution of thedistribution of theb-fractionasafunctionof J/y pr.
Theinclusive b-hadroncrosssectionis calculatedirom thesefit resultswith the

inclusive J/y crosssectionin Section6.2

6.2 Measurement of the Inclusive b-hadron Cross
Secton

SinceJ/¥ mesondrom decaysof b-hadronshave a differentaveragespin align-
mentthananinclusive sampleof J/y» mesonsanacceptanceorrectionmustbe
appiedto accountfor this difference while the J/y yields and efficienciesesti-

matedfor the J/y crosssectionareableto usedfor b-hadroncrosssection. In
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pr(J/¥)
GeV/c

Fractionfrom
b-hadrons

Acceptance

1.25-1.5
1.5-1.75
1.75-2.0
2.0-2.25
2.25-2.5
2.5-2.75
2.75-3.0
3.0-3.25
3.25-35
3.5-3.75
3.75-4.0
4.0-4.25
4.25-4.5
4.5-4.75
4.75-5.0
5.0-5.5
5.5-6.0
6.0-6.5
6.5-7.0
7.0-8.0
8.0-9.0
9.0-10.0
10.0-12.0
12.0-14.0
14.0-17.0
17.0-20.0

0.094+ 0.010+ 0.012
0.092:+ 0.006+ 0.010
0.085:+ 0.006=+ 0.009
0.100+ 0.005=+ 0.011
0.091: 0.005= 0.010
0.101:+ 0.005= 0.009
0.099: 0.005= 0.008
0.109+ 0.005+ 0.007
0.112+ 0.005=+ 0.008
0.113+ 0.005= 0.007
0.133+ 0.005= 0.007
0.116:+ 0.005= 0.007
0.126+ 0.006+ 0.007
0.131+ 0.006+ 0.007
0.147=+ 0.007+ 0.008
0.141+ 0.005=+ 0.006
0.156+ 0.006+ 0.007
0.169+ 0.007+ 0.007
0.182+ 0.007+ 0.008
0.208:+ 0.006+ 0.009
0.227:+ 0.009= 0.007
0.250+ 0.011=+ 0.008
0.279=+ 0.012+ 0.008
0.337+ 0.019+ 0.009
0.397+ 0.025=+ 0.009
0.464-+ 0.045+0917

0.01579+ 0.00037
0.01981+ 0.00029
0.02433+ 0.00034
0.02842+ 0.00032
0.03335+ 0.00038
0.03864+ 0.00059
0.04376+ 0.00072
0.04940+ 0.00081
0.05619+ 0.00093
0.0611+ 0.0010
0.0666=+ 0.0016
0.0736+ 0.0018
0.0815+ 0.0020
0.0891+ 0.0022
0.0960+ 0.0024
0.1065+ 0.0025
0.1198+ 0.0029
0.1330+ 0.0032
0.1476+ 0.0037
0.1647+ 0.0055
0.1813+ 0.0062
0.1893+ 0.0068
0.2022+ 0.0064
0.2247+ 0.0072
0.2462+ 0.011
0.2538+ 0.0093

Table6.1: The fraction of J/¥ evens from decaysof b-hadronsandthe corre-
spondhgacceptanceTlhefirst uncertaintyontheb-fractionis thestatigical uncer
tainty from theunbinnedik elihood fit andthe seconduncertaintyis thecombined
systemadt uncertaintie®n the measuremerndf theb-fraction. Theuncertaintyon
theacceptances the combinedstatistcal uncertaintyfrom Monte Carlo statistics
andthe systematiaincertaintyon the acceptanceneasurement.
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CDF Runl measurement$heeffective valueof thespinalignmentparametetr
of J/y from b-hadrondecayswvas measuredo be a[(pr(J/v) > 4.0GeV/c] =
—0.09 + 0.10 [15], whereae is obtainedby fitting cosd;,,, the anglebetween
the muondirectionin the J/y restframeandthe J/y directionin the lab frame,
by the functionalform 1 + a - CO$ 6;,,. More recentmeasuremendn the spin
alignmentwasdoneby usingB — J/yX evens collectedat the ' (4S) resonance.
The BaBar experimentmeasuredrg = —0.196+ 0.044 for p* < 1.1 GeV/c and
ag = —0.592+ 0.032for p* > 1.1 GeV/c [44]. Herethedecayangleof the J/y is
measuredh the Y(4S) restframeand p* is thetotal J/¢» momentun measuredn
the ' (4S) restframe.

Themorepreciseresultfrom the BaBar experimentis chosenn this analysis
for theacceptancealculationgor H, — J/¥ X events,assumig it is applicableo
the CDF environmentwhereb-hadronsareproducedn fragmentatiorwith alarge
momentm rangeinsteadof producedat a fixedmomentim asin (' decayq45].
First, MonteCarloeventsaregeneratedo havethe J/y helicity angledistributions
in the b-hadronrestframepredictedfrom ag valuesaccordingto their p* values.
Then, valuesof the spin alignmentparameter; for eventsin eachJ/y pr bin
areobtainedby fitting thecos®,,,, distributionsof theseMonte Carloevents The
systemadt uncertaintie®n a areobtainedby varyingtheinput valuesof ag in
the processaccordingto measuremenincertainties.This procesgyives a result

consistentvith previousCDF measuremenglbeitwith smalleruncertaintiesFor
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example,anenv andmoreprecisevalueof aeg = —0.13 + 0.01 for the J/y events
with pr(J/¥) > 4.0 GeV/c is obtainedfrom this process Finally, the acceptance
valuesaslistedin Table6.1,arecalculatedrom theMonteCarloeventsgenerated
with thederivedspinalignmentparameterg eachJ/y pr bin.

The differentialb-hadroncrosssectionsasa funtion of J/y pr arecalculated
in asimilar way asthatfor theinclusive J/y. The J/y yieldsin eachpy bin esti-
matedfor J/y crosssectionlistedin Table3.2 aremultiplied with the b-fractions
to obtainthe correspondindd, — J/v yieldsof J/ys from b-hadrondecays.The
new acceptancealuedistedin Table6.1areusedwhile the J/y reconstructioref-
ficienciesandluminosty valuestaythesame Mostof thesystematiaincertainties
in theinclusive J/y crosssectioncalculationcarry over herewithout changeex-
ceptfor thosefrom the J/y spinalignmentontheacceptancghich areestimated
usinguncertaintie®n a¢. In addition,the uncertaintiesrom the b-fractionsalso
mustbeincludedin thesystemati uncertaintiesThe J/y from b-hadroninclusive
crosssectionresultswith statigical andsystenatic uncertaintiesrelistedin Table
6.2. Thedifferentialcrosssectionwith all statisical andsystenatic uncertainties
addedis showvn in Fig. 6.5. A recentQCD theoreticalcalculationusinga fixed
order (FO) calculationwith resummatiorof next-to-leadinglogs (NLL) [13] is
overlad for acomparisonThecomparisorwith theoreticakalculationgs further
discussedn Chapter7.

An integration of the differentialb-hadroncrosssectionresultsin Table 6.2
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PrO) (P Bl Gevio) So- B GeV/o
(GeV/c) (GeV/c) J/y fromb PromptJ/y
1.25-15 1.38  6.60+ 0.706tat j8:§7(sysgh) 668 = 1.5(stat) g 2(Syst,)
1.5-1.75 1.63 6.62+0.44*011 68.6+ 1.5*52
1.75-2.0 1.87 5.93+ 0.38%85 67.0+ 1.3t§;§
2.0-2.25 2.13 6.58+ 0.34* 339 62.5+ 0.7+02
2.25-2.5 2.38 5.83+ 0.30f§;§§ 61.5+ 0.9j§;§
2.5-2.75 2.62 5.50+ o.26j8;45 52.1+ 0.8+ 5.2
2.75-3.0 2.87 4.86+ 0.23*54 471+ 0.7+ 4.4
3.0-3.25 3.12 450+ o.2ot8;gg 39.1+ 0.6+ 3.0
3.25-35 3.38 3.94+ 0.17i§;§§ 33.4+ 0.5+ 2.8
3.5-3.75 3.62 3.34+0.15*521 28.2+ 0.4+ 2.1
3.75-4.0 3.87 3.28+0.14+ 0.16 22.9+ 0.3+ 1.6
4.0-4.25 412 2.45+0.11+ 0.15 20.1+ 0.4+ 1.5
4.25-45 4.38 2.22+0.10+0.11 16.5+ 0.3+ 1.2
4.5-4.75 4.62 1.99+ 0.09+ 0.10 14.1+ 0.3+ 1.0
4.75-5.0 4.88 1.84+ 0.08+ 0.10 11.5+ 0.3+ 0.8
5.0-5.5 5.24 1.38+ 0.05+ 0.06 8.92+ 0.13+ 0.52
5.5-6.0 5.74 1.07+ 0.04+ 0.05 6.21+0.10+ 0.37
6.0-6.5 6.24 0.817 + 0.03L + 0.038 4.29+0.07+ 0.24
6.5-7.0 6.74 0.610 + 0.05 + 0.0%6 2.93+0.06+ 0.17
7.0-8.0 7.45 0.447 + 0.024 + 0.022 1.82+0.02+ 0.11
8.0-9.0 8.46 0.246 + 0.0 + 0.010 0.894 + 0.015 + 0.047
9.0-10.0 9.46 0.149 + 0.007 + 0.006 0.473+ 0.010 + 0.024
10.0-12.0 10.8 0.074 + 0.0(8 + 0.0 0.204 + 0.004 + 0.010
12.0-14.0 12.8 0.0% + 0.0 + 0.001 0.069 + 0.002 + 0.0

14.0-17.0 15.4
17.0-20.0 18.3

0.0143+ 0.00® + 0.0007
0.0062+ 0.00@ + 0.0(04

0.023+ 0.001 + 0.00L
0.008 + 0.0006 + 0.0006

Table6.2: Theinclusve H, — J/yX andpromptJ/y differentialcrosssectionsas
a function of trans\ersemomentumof the J/y with statistcal and pr dependent
systemadt uncertainties.The crosssectionin eachpr bin is integratedover the
rapidity rangely(J/y)| < 0.6. Thefully correlatedsystematiaincertaintysyst. =
6.9%, from themeasuremerdf theinclusive J/y crosssectionneed€o combined
with the pr dependensystemat uncertainties.
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gives thetotal crosssection

a(pp — HpX, pr(J/y) > 1.25GeVc, ly(J/y)| < 0.6)
-Br(Hp — J/¢X) - Br(J/y — up)

= 19.4 + 0.3(staty%3(syst)nb. (6.12)

The systemat uncertaintyquotedincludesthe fully correlateduncertaintyof
6.9%obtainedfrom theinclusive J/y crosssectionmeasuremenilhe integrated
crosssectionextractedabove is correctedfor the branchingfraction Br(J/y —

) = 5.88+0.10%[29] to obtain

a(pp — Hp, Hp = /¢, pr(J/¢) > 1.25GeV/c, ly(J/y)| < 0.6)

= 0.330+ 0.005(statj3oso(systub. (6.13)

Also, thepromptJ/y crosssectionis extractedby subtractinghecrosssection
of H, — J/¥X from the inclusive J/y crosssection. This calculationis applied
to all J/y with pr > 1.25 GeV/c whereit is ableto extractthe b-fraction. The
resultsareshavn in Table6.2andin Fig. 6.6. Thesystemat uncertaintie®nthe
promptJ/y crosssectionaretakento be the uncertaintieon theinclusive cross
sectionaddedin quadraturewith the uncertaintieson the measured-fractions.

Theintegratedcrosssectionof promptJ/y is foundto be:

a(pp — JI/ypX pr(I/y) > 1.25GeV/c, ly(J/¢)| < 0.6)

= 2.86+ 0.01(stat}33e(systub, (6.14)
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whereJ/y, denotesapromptJ/y andwherethe J/y — pu branchingfractionis
corrected.

The differentialb-hadroncrosssectionas a function of pr(Hp) is extracted
from themeasuredlifferentialcrosssectionof H, — J/y¥X by utilizing thedecay
kinematcs of charmoniumproducedin b-hadrondecays. The procedurestarts
with the calculationof contributions to the crosssectionof b-hadronsn a given
pr(Hp) bin from J/¢ eventsin therangel.25 < pr(J/¢¥) < 20 GeV/c, wherethe
fractionsof J/y mesondrom b decayss measuredSinceb-hadronswith pr as
little as0 GeV/c candecayto J/y with pr aslargeas2.0GeV/c, it is possibé to
extract b-hadrondifferentialcrosssectionpr(Hy) down to 0 GeV/c from the pr
rangeof measuredl/y crosssection. In theith pr(Hp) bin of the crosssection
asafunctionof pr(Hyp), thetotal contribution from the py(J/¢) binsof measured
crosssectionasafunctionof pr(J/y) in therangel.25to 20 GeV/c, is labeledas

theraw crosssectiono(raw), andgivenby

N
ai(raw) = >~ wijori(J/w), (6.15)
=1

whereo(J/y) is thecrosssectionof J/y mesondrom Hy, in the jth pr(J/y) bin
andw; is thefractionof Hy, evensin theith pr(Hp) bin relative to thetotalin the
jth pr(J/y) bin. Thesumof theweightsw;; in eachpr(J/y) bin is normalizedo
1. In somepr(Hp) rangesnot all the J/y from b-hadrondecayhave trans\erse
momentum andrapidity in the measuredangel.25< pr(J/y) < 20 GeV/c and

Iy(J/¥)| < 0.6. Thus,theraw crosssectionis correctedor the acceptanceueto
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thelimited J/y kinematicrangeto obtainthe differentialb-hadroncrosssection,

oi(Hp), in theith pr(Hy) bin,

oi(raw) _ YLy Wi (I/y)

(6.16)

where f! is the fraction of bottan hadronsin theith pr(Hp) bin thatdecaysto a
J/y with atransversemomenturmin therangel.25to 20 GeV/c andrapidityin the
rangely(J/y)| < 0.6. Monte Carlosimulationsareusedto calculatethe weighting
factors,wij, and acceptanceorrectionfactors, f!. In the simulation, the decay
spectrunof H, — J/¢X obtainedrom reference[44,46]is used.Thecalculation
is repeatedn an iteration process:at eachpassthe input productionspectrum
usedin the Monte Carlois the spectrummeasuredn the previous iterationand
a y? comparisoris madebetweenthe input and outputspectrums.The process
terminatesvhenthe y? comparisorreachthe precisionlimit. This procedures

foundto beinsensitve to theinitial productionspectrunshape.

The statistcal uncertaintyin eachpr(Hp) bin is givenby:

N
Osta(i(Hp)) = f—l, JZ Wi} 65l (/). (6.17)
o =1

The systenatic uncertaintiesare taken as just the simple weightedsum of the
systemat uncertaintiegrom the differentialH, — J/¢ crosssectionsmeasure-

ments,

N
Sualer(Ho) = 1 > Wioaleri () 6.18)

=1
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The extracteddifferentialcrosssectionof b-hadronsover the b-hadrontrans-
versemomentmrangefrom 0to 25GeV/cis shovnin Fig. 6.7. Thecrosssection
hasbeencorrectedor the branchingfractions,Br(H, — J/¢X) = 1.16 + 0.10%
andBr(J/y — pu) = 5.88 + 0.10%[29], anddividedby two to obtainthe single
b-hadrondifferentialcrosssection. The differentialcrosssectionextractedabove
is integratedover the trans\ersemomentim rangeto obtainthe single b-hadron
inclusive crosssection.Thetotal inclusive singleb-hadroncrosssectionis found

to be

o(pp — HpX, lyl < 0.6) = 17.6 + 0.4(staty53(systub. (6.19)
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Figure6.1: Fitsto the J/y pseudopropedecaytime in therangel.25 < pr(uu) <
1.5 GeV/c to extractthe fraction of eventsfrom long-lived b-hadrondecays.The
solid line is thefit to all the evens in the masswindow of 2.85to 3.35GeV/c?,
the dashedine is thefit to all signalevents the solid histogramis thefit to the
portionof the signaleventsthatarefrom b-hadrondecaysandthe dot-dashedine

is thefit to backgroundeventsincluding eventsin the invariantmasssidebands
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Figure6.2: Fitsto the J/y pseudopropedecaytime in therange5.0 < pr(uu) <
5.5 GeV/c to extractthe fraction of eventsfrom long-lived b-hadrondecays.The
solid line is thefit to all the evens in the masswindow, the dashedine is the fit
to all signalevents,thesolid histogramis thefit to the portionof thesignalevents

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

events
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Figure6.3: Fitsto the J/y pseudopropedecaytime in therangel2.0 < pr(uu) <
14.0 GeV/c to extractthefractionof events from long-livedb-hadrondecays.The
solid line is thefit to all the evens in the masswindow, the dashedine is the fit
to all signalevents,thesolid histogramis thefit to the portionof thesignalevents
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events
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Figure6.5: Differentialcross-sectiodistribution of J/y eventsfrom thedecayof
b-hadronsasa functionof J/y trans\ersemomentm integratedover the rapidity
rangely] < 0.6. The crosseswith error barsare the datawith systematicand
statistcal uncertaintieaddedncluding correlateduncertaintiesThesolid line is
the centraltheoreticalvaluesusingthe FONLL calculationsoutlinedin [13], the

dashedine is thetheoreticaluncertainty
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Figure6.6: Theinclusive J/y crosssectionasafunctionof J/y pr integratedover

therapidity rangely| < 0.6 is plottedaspointswith errorbarswhereall uncertain-
ties have beenadded. The hatchedhistogram indicatesthe contrikution to the
crosssectionfrom promptcharmoniunproduction The cross-hatchetistogram

is the contribution from decaysof b-hadrons.
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Chapter 7

Discussia

The inclusive J/y andb-hadroncrosssectionshave beenmeasuredn pp inter
actionsat /s = 1960GeV in the centralrapidity region of |y| < 0.6. The cross
sectionshave beenmeasuredlown to ~ 0 GeV/c trans\ersemomentun rangegor
thefirst time.

To comparewith the CDF Run| measurementsf the crosssectionat +/s =
1800GeV [41,42], the crosssectionmeasurements the rangepr(J/¥) > 5.0
GeV/c and pseudo-rapidit [n(J/¥)| < 0.6 is extractedfrom the measuredross
sectionby this analysis. The inclusive J/y crosssectionat /s = 1960GeV is

foundto be

a(pp — J/¥X)1g60- Br(I/y — )

= 16.3 + 0.1(statf13(syst)nb (7.1)
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while the CDF Run| measuremerdt /s = 1800GeV was

a(pp — J/¥X)1s00- Br(I/y — )

= 17.4 + 0.1(statf35(syst)nb (7.2)

The crosssectionof J/y eventsfrom H, decayswith pr(J/¢) > 5 GeV/c and

In(3/y)| < 0.6is foundto be

o(pp — HpX)1960- Br(Hp — J/¥X) - Br(J/y — pp)

= 2.75+ 0.04(stat)}+ 0.20(systhb, (7.3)
while equivalentRun| measuremerjé1,42] was

o(pp — HpX)1800- Br(Hp — J/yX) - Br(3/y — up)

= 3.23+ 0.05(stat}3%(syst)nb (7.4)

Sincethe centerof-massenepy is increasedrom 1.8 TeV to 1.96 TeV in
Runll, the Runll J/¢ andb-hadronproductioncrosssectionis expectedto be
higherthanthe crosssectionof Run| by approximatelyl0%. However, the Run
| andRunll crosssectionmeasurementare consistenwithin measuremenin-
certainties. The ratio of the Runl to Run| differentialb-hadroncrosssection
measurementasa function of pr(J/¢) is shovn in Fig. 7.1. Theratiosareall-
mostconstantataroundd.86for all transersemomentunrange andnodifference

betweerRunl andRunll in the shapeof the crosssectionis obsened.
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In Fig. 7.2,the B* exclusive differentialcrosssectionpreviously measuredby
CDF Runl at 4/s = 1800GeV in therangely| < 1.0 [7], is shovn with the cross
sectionextractedfrom the measuremertf this analysisof theinclusive b-hadron
differentialcrosssectionat 4/s = 1960GeV. For the purposeof this comparison,
the measuremendf b-hadroncrosssectionof this analysisis multiplied by the
fragmentatiorfractionof B* mesonswhcihis theresultfrom LEP experimens is
used[29]. In addition b-hadroninclusive crosssectionof this analysisis scaled
up by afactorof 1.67to extendthe measuremertb |y| < 1.0, wherethe rapidity
distribution is assumedo be uniform in theregion |y] < 1.0. As shawn in Fig.
7.2,goodagreemenis found betweerthe extractedmeasuremerdf the b-hadron
crosssectionof this analysisandthe direct measurementf the B* crosssection
of CDFRunl.

In Fig. 6.5andFig. 6.7,the measuremens comparedo 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]. The comparisonshonv goodagreemenbetweenthe measurement
of thisanalysisandthecalculation for all trarversemomentumranges.Thesingle
b-hadroncrosssectionfrom this FONLL calculationusingthe CTEQ6M parton

distribution functions[47,48,48] is

a(ﬁﬁj‘c,%g) = 16.8"75ub (7.5)
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whichis in goodagreemenivith measuremendf this analysis
o(pp — bX, |y < 0.6) = 17.6 + 0.4(staty23(systub. (7.6)

Also, this resultis comparedo the QCD calculationdescribedn reference
[27]. Thiscalculationemploysafactorizatiorschemevherethemassof thequark
is considerechggligible and a differenttreatmentof the b-hadronfragmentation
functionis used.Thecrosssectioncalculationin [27] isrepeatedising /s = 1960
GeV/candtheMRST2001partondistributionfunctiong[49,50]. Thecentralvalue
of the calculatedcrosssectionintegratedover the rapidity rangely] < 0.6 and

pr(J/¥) > 5.0 GeV/cis
o(pp — HuX |yl < 0.6) - Br(H, = J/¥X) - Br(J/y — uu) = 3.2nb (7.7)
whichis in goodagreementvith resultof this analysis

3.06+ 0.04(stat)x 0.22(sysjnb. (7.8)
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Figure7.2: Thedifferentialcross-sectionlistributions of b-hadronsasa function
of b-hadronmomentumfrom the measuremenof the B* mesoncrosssection
in CDF Run| [7] andb-hadroninclusive crosssectionextractedin this analysis
(Runll). For this comparisonthe inclusive b-hadroncrosssectionmeasuredn
Run Il is multiplied by the expectedfraction of B* mesonswhich is f(B*) =
40.96 + 0.81(stat) + 1.14(syst)% [14]. Thedifferentialcrosssectionsshovedare

integratedover therapidity rangely(H)y| < 1.0.
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Chapter 8

Summary

The inclusive central J/y crosssectionhasbeenmeasuredn pp interactionsat
v/s=1960GeV in therangely| < 0.6. Thecrosssectionhasbeenmeasureaver
the full trans\ersemomentumrangefor the first time. The integratedinclusive

J/y crosssectionin the centralrapidity rangeis foundto be

alpp — J/yX ly(J/y)l < 0.6]

= 4.08 + 0.02(stat}d35(systub, (8.1)

aftercorrectingfor Br(J/y — uu) = 5.88+ 0.10%[29].

By utilizing the long lifetime of b-hadrons,the fraction of J/y¥s which are
decayproductsof b-hadrondhasbeenestimatedandthe crosssectionof b-hadron
decayshasbeenmeasuredor J/y trans\ersemomena greaterthan1.25GeV/c.

TheintegratedH, — J/¢X crosssection,including both hadronandanti-hadron
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statesandcorrectingfor the branchingfraction Br(J/yy — uu) = 5.88 + 0.10%

[29], is foundto be

o[pp — Hp, Hp = J/¥X, pr(J/y) > 1.25GeV/c, ly(J/¢)| < 0.6]

= 0.330+ 0.005(sht) 3933(systub. (8.2)

Transersemonentagreaterthan 1.25 GeV/c of J/y from b-hadrondecay
can prove b-hadrontrans\ersemomentadown to zero. For the first time, the
centralb-hadroncrosssectionasafunctionof b-hadrontransyersemomentadown
to zeroin pp collisions hasbeenextracted. Comparionof the measuredtross
sectionto FONLL [13] calculationshonved a good agreementor all b-hadron
trans\ersemomentumrange. The total single b-hadroncrosssectionintegrated

over all transersemomentawasfoundto be

olpp — HpX |yl < 0.6]

= 17.6 + 0.4(stat}33(systub, (8.3)

whichisin goodagreementvith FONLL [13] calculation.Thisagreementf this
analysisto FONLL calculationsolved long term problem,discrepang between

QCD calculationandmeasurements.
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