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ABSTRACT

Kea�aber, Todd A., Ph.D., Purdue University May 2000. Measurement of the B+Meson Cross Se
tion in Proton-Antiproton Collisions at 1.8 TeV the Using FullyRe
onstru
ted De
ay B+ ! J= K+ . Major Professor: Daniela Bortoletto.This thesis presents the measurement of the B+ meson produ
tion 
ross se
tionand the di�erential 
ross se
tion, d�=dpT , from pp 
ollisions at ps = 1:8 TeV. TheB+ meson is fully re
onstru
ted using the ex
lusive de
ay B+ ! J= K+ withJ= ! �+��. The data set, 
onsisting of about 110 pb�1, was re
orded by theCollider Dete
tor at Fermilab during the 1992-1995 Tevatron run. The B+ meson
ross se
tion was measured to be 3:52� 0:38(stat)� 0:46(sys)�b. The di�erential
ross se
tion is also presented.



1
1. INTRODUCTIONThe study of heavy 
avor produ
tion at the highest 
enter-of-mass energy 
ur-rently available provides the opportunity to 
he
k the a

ura
y of the quantum
hromodynami
 (QCD) predi
tions. There exist QCD 
al
ulations at next-to-leading order (O(�3s)) [1, 2℄ whi
h, along with the parameterizations of the partondistribution fun
tions down to x � 10�5 [3℄, predi
t the b quark 
ross se
tion.It is ne
essary to show that these predi
tions provide an adequate des
ription ofthe 
ross se
tion at 1.8 TeV before they 
an be 
on�dently extrapolated to higherenergies or more exoti
 phenomena.In this thesis, the measurement of the B+ meson produ
tion 
ross se
tion inpp 
ollisions at a 
enter of mass energy of 1.8 TeV will be des
ribed. The analysisuses the de
ay B+ ! J= K+ with J= ! �+�� and their 
harge 
onjugates.The data sample used represents an integrated luminosity of (108.1 � 4.5) pb�1
olle
ted by the Collider Dete
tor at Fermilab (CDF) from 1992 to 1995 during theTevatron 
ollider run. The trigger requirements, whi
h are based on the dete
tionof the two muons from the J= de
ay, will also be des
ribed along with the sour
esof 
ontributions to the systemati
 un
ertainty in the measurement.



2
2. B MESON PHENOMENOLOGYThe study of B+ meson produ
tion in hadron 
olliders is of theoreti
al inter-est be
ause it provides the opportunity to gauge the pre
ision with whi
h quan-tum 
hromodynami
s (QCD) 
an be used to 
al
ulate the observed 
ross se
tions.B+(B�) mesons are bound states of a b (b quark ) and a u(u ) quark. While thebinding is provided by the strong intera
tion B+ mesons 
an only de
ay by theweak intera
tion. This 
hapter will provide a general des
ription of the ele
troweakintera
tions and the hadronization of the B+ mesons.2.1 Ele
troweak Intera
tionsQuarks in their mass-eigenstate generations,0BBB� ud 1CCCA 0BBB� 
s 1CCCA 0BBB� tb 1CCCA (2.1)may intera
t weakly with quarks in generations other than their own. The typi
alnotation used to des
ribe the degree of this \mixing" is the Cabibbo-Kobayashi-Maskawa (CKM) matrix[4, 5℄,0BBBBBBBB� d0s0b0

1CCCCCCCCA = 0BBBBBBBB� Vud Vus VubV
d V
s V
bVtd Vts Vtb
1CCCCCCCCA
0BBBBBBBB� dsb

1CCCCCCCCA ; (2.2)whi
h, by 
onvention, leaves the +2=3-
harged quarks unmixed; the states (d0; s0; b0)are the weak eigenstates. Under the 
onstraints that there be three quark gener-



3ations and the CKM matrix be unitary, the mixing 
an be parameterized withthree angles and one 
omplex phase. The pursuit of measurements to determinethe CKM matrix elements and to observe the 
harge-parity (CP) violation withinthe b-quark system (a result of a non-zero 
omplex phase) 
onstitutes a major
omponent of many experimental programs at modern parti
le a

elerators.The understanding of the weak intera
tions has its foundations in Fermi's the-ory of � de
ay, introdu
ed in 1934[6℄. The four-fermion intera
tion was retainedfor several years before Sakurai introdu
ed the universal V-A (ve
tor and axialve
tor 
urrent) modi�
ation[7℄ to a

ommodate the experimentally observed par-ity violation. Unfortunately, the V-A Fermi theory violates unitarity violation(the predi
ted 
ross se
tions grew quadrati
ally as a fun
tion of the 
enter of massenergy) and is non-renormalizable at high energies. A theory is renormalizable ifthe predi
ted amplitudes of physi
al pro
esses remain �nite at all energies and forall powers of the 
oupling 
onstant, often at the expense of the introdu
tion of a�nite number of experimentally determined parameters[8℄.The \standard model" of ele
troweak intera
tions, developed primarily byGlashow, Weinberg, and Salam in the 1960's[9, 10, 11℄ and based on the gaugegroup SU(2) � U(1), hypothesized four intermediate gauge �elds to avoid thesediÆ
ulties: the W+, W�, Z0, and the 
 bosons. The standard-model ele
troweakLagrangian that represents the 
harged-
urrent weak intera
tion between fermion�elds is L

 = � g2p2Xi ��i
�(1� 
5)(T+W+� + T�W�� )�i (2.3)where g is the SU(2) gauge 
oupling 
onstant, 
�(1 � 
5) are the Dira
 matri-
es representing the V-A 
urrent, T+ and T� are the weak isospin raising andlowering operators, respe
tively, W�� are the massive weak 
harged boson �elds, irepresents the fermion families and �i are the fermion �elds. In 
harged-
urrent



4weak intera
tions of the b quark, the fermion �elds are either left-handed SU(2)doublets, �3 = 0BBB� tb0 1CCCAL, or right-handed SU(2) singlets, �3 = (b0)R, where b0 is theweak eigenstate de�ned in Equation (2.2).2.2 b Quark Produ
tionAt the Tevatron in pp intera
tions, b quarks, and more generally heavy quarks,are produ
ed in the hard 
ollision of a parton from ea
h hadron. The relativisti
 in-variant phase spa
e volume element for the �nal state b quark with four-momentump� = (E; ~p) is d3p(b)Eb = dybd2pT (2.4)where y is the rapidity de�ned asyb = 12 ln Eb + pz(b)Eb � pz(b)! (2.5)The transverse momentum, pT, of the b quark is the momentum proje
ted on theplane perpendi
ular to the axis of the two in
ome partons.The di�erential 
ross se
tion, �̂ij, per invariant phase spa
e volume for theprodu
tion of a b quark 
an be written asd3�̂ijdp3b=Eb = Ebd3�̂ijdp3b (xipp; xjp�p; pb;mb; �;�) (2.6)where pp and p�p are the momentum of the 
olliding hadrons, xipp and xjp�p are themomenta of the in
oming partons i and j, and pb is the momenta of the outgoingb quark. The quantity � is an experimentally determined parameter used in thedes
ription of the dependen
e of the strong 
oupling 
onstant, �s, on the energys
ale � and mb is the mass of the b quark.



5The b quark di�erential 
ross se
tion is found by integrating Ebd3�̂ij=dp3b overall momentum fra
tions and summing over all types of partons in pp 
ollision andis given as[1℄Ebd3�ijdp3b =Xij Z dxidxj  Ebd3�̂ijdp3b (xipp; xjp�p; pb;mb; �;�)!F pi (xi; Q2)F �pj (xj; Q2):(2.7)The stru
ture fun
tions, F pi (xi; Q2) and F �pj (xj; Q2), give the probability that agiven parton will 
arry a momentum fra
tion, x, of its parent proton. These aredetermined experimentally by deep inelasti
 s
attering of lepton-proton 
ollisions.The parameter � represents the energy s
ale of the pro
ess and Q2 is the square ofthe four momentum transfer. By assumption, jQj � �, where � = qm2b + p2T . Thestru
ture fun
tions have an expli
it Q2 dependen
e resulting from the e�e
ts ofthe initial and �nal state gluon radiation that is in
luded in the QCD 
al
ulations.Sin
e the stru
ture fun
tions are measured at values of Q2 that is lower than themomentum transfer at whi
h the 
ross se
tion is measured, they must be evolvedto the appropriate value of Q2. This is done using the Alterelli-Parisi equationsusing perturbative QCD[12℄.The renormalization s
ale, �, is introdu
ed to handle divergent terms thatarise in 
al
ulating �̂ at �nite order in �s. In a 
al
ulation to all orders in �s, thedivergent terms 
an
el out, so the 
al
ulation of �̂ would be independent of the
hoi
e of the renormalization s
ale. The s
ale is 
hosen su
h that the higher orderterms that depend on log (Q2=�2) are well behaved at the s
ale involved in theintera
tion.Integrating Equation (2.7) over the momentum pB yields the total 
ross se
tionof a b quark�(s) =Xij Z dxidxj�̂ij(xipp; xjp�p; pb;mb; �;�)F pi (xi; �2)F �pj (xj; �2) (2.8)



6where s is the square of the 
enter of mass energy of the 
olliding proton andantiproton. The threshold 
ondition for bb produ
tion is met when the square ofthe parton-parton 
enter of mass energy, ŝ � xixjs satis�es the 
ondition ŝ = 4m2b .The heavy mass of the b quark makes possible QCD 
al
ulations of �̂ij as aperturbative series in powers of the running 
oupling 
onstant, �s. The leadingorder terms (O(�2s)) of the series that 
ontribute to the 
ross se
tion, shown inFigure 2.1 are quark-antiquark annihilation and gluon-gluon fusion pro
esses:q + �q ! b +�bg + g ! b+ �b: (2.9)The gluon-gluon fusion pro
ess is the dominant produ
tion me
hanism for b quarksat the Tevatron. Some of the next-to-leading order terms (O(�3s)) in the �s ex-
��q
q

�b
b
�g
g

�b
b
�g
g

�b
b

Fig. 2.1. Feynman diagrams for the lowest order (O(�2s)) me
hanisms of b quarkprodu
tion. The diagram on the left is quark-antiquark annihilation. The 
enterand right diagrams are gluon fusion pro
esses whi
h is the dominant heavy quarkprodu
tion me
hanism at the Tevatron.pansion are shown in Figure 2.2 and arise from pro
esses [13℄ like:q + �q ! b +�b+ gg + g ! b +�b+ gg + q ! b+ �b + qg + �q ! b +�b + �q: (2.10)
Due to the interferen
e with diagrams 
ontaining virtual gluons, the two pro
essesin Equation (2.9) 
an also 
ontribute at O(�3s). When the transverse momentum of



7the b quark is mu
h larger than its mass, some of the next-to-leading order O(�3s)me
hanisms 
ontribute to the 
ross se
tion by amounts 
omparable to the leadingorder O(�2s) terms[1℄.
���
��
��

Fig. 2.2. Feynman diagrams for the next-to-leading order (O(�3s)) me
hanisms ofb quark produ
tion. The �rst row is hard gluon radiation, the se
ond row is gluonsplitting, and the last row is 
avor ex
iation.Theoreti
al un
ertainties in the 
al
ulation of �(s) arise from the limited knowl-edge of the b quark pole mass, the 
hoi
e of the renormalization s
ale �, and thestru
ture fun
tions.The mass of the lightest b�b state, �(1S) gives an estimate ofthe 4.75 GeV=
2 for the mass of the b quark, and this is the value used in the 
rossse
tion 
al
ulation.



82.3 HadronizationThe pro
ess of forming B hadrons from b quarks produ
ed through hard s
at-tering is 
alled hadronization or fragmentation. It is a low Q2, non-perturbativeQCD pro
ess. The hadronization pro
ess is 
ommonly des
ribed by the semi-empiri
al string fragmentation model[14℄ that des
ribes the quark-antiquark inter-a
tion with the potential V (r) / kr. As the quark and the antiquark separate,the string stret
hes, and the potential energy in
reases until a new q�q pair is 
re-ated out of the va
uum to form the new ends of the string. The new strings 
anstret
h and break, as well, and form more q�q pairs until the available energy isexhausted. These new parti
les are referred to as fragmentation parti
les and in-
lude B hadrons. In the 
ase of a B+ meson, the quark 
ombines with a u quarkformed in the pro
ess.The fragmentation pro
ess 
an be 
hara
terized by z, the fra
tion of of theinitial b quark momentum that is 
arried by the B meson. The probability distri-bution of the B+ meson pT is des
ribed by a fragmentation fun
tion D(z). Sin
efragmentation is a long-distan
e pro
ess and not 
al
ulable by perturbative QCD,a semi-empiri
al parameterization is used. Be
ause the mass of the b quark is large,the B+ meson it forms 
arries most of the initial pT. Therefore, D(z) is expe
tedto peak near the maximum value of z = 1. The parameterization by Peterson etal. [15℄ in
orporates this expe
tation:D(z) = Nz(1� 1=z � �(1� z))2 (2.11)where N is set by the normalization requirement that R 10 D(z)dz = 1. The term1 � 1=z � �(1 � z) is the energy lost by the b quark through gluon emission.The Peterson parameter, �, depends on the energy of the gluon produ
ts and isdetermined experimentally to be � = 0:006 � 0:002[16℄. The value is based on asurvey of several experimental e+e� observations. The sear
h 
ontinues for better



9understanding of b quark fragmentation, its sensitivity to the type of 
ollisionenvironment in whi
h the b quark was produ
ed and the 
avor of the non-b quark
onstituting the �nal state hadron.
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3. THE TEVATRON AND THE COLLIDERDETECTORThe data used for this analysis were 
olle
ted by the Collider Dete
tor at Fermi-lab (CDF); a general purpose dete
tor designed to study the 
ollisions of protonsand antiprotons. The 
ollisions are produ
ed using a super
ondu
ting 
ollider,
alled the Tevatron, operating with six bun
hes of protons and antiprotons at a
enter-of-mass energy of ps = 1:8 TeV. The infrastru
ture utilized to produ
e thedata sample is the syn
hronized result of many 
omponents working together fromthe produ
tion of the protons and antiprotons to their ultimate annihilation atthe 
ollision point within CDF. This 
hapter gives an overview of the a

elerator
omplex and the CDF dete
tor emphasizing the 
omponents of the dete
tor thatwere instrumental for this measurement.3.1 The A

eleratorThe Tevatron, 
urrently the world's highest energy a

elerator, produ
esproton-antiproton 
ollisions with a 
enter-of-mass energy of 1.8 TeV. The pro-
ess of providing high energy pp 
ollisions requires a number of steps to get theparti
les to of 
ollision. The Tevatron 
ollider is the �nal stage in a series of sevena

elerators[17, 18, 19℄ that are ne
essary for 
olliding the beams. A Co
kroft-Walton pre-a

elerator, a linear a

elerator (Lina
), and a syn
hrotron (Booster)operate in series to produ
e 8 GeV protons for inje
tion into the Main Ring syn-
hrotron. The Main Ring has two purposes: it serves as the �nal boosting stage



11for protons and antiprotons before inje
tion into the Tevatron, and it is the sour
eof energeti
 protons whi
h are used to produ
e antiprotons. The Antiproton De-bun
her and the Antiproton Sour
e are used in 
olle
ting and 
ooling the antipro-tons for 
olliding beams. The overall layout of the a

elerator 
omplex is shownin Figure 3.1.The pro
ess begins by ionizing hydrogen gas and a

elerating the H� ions to750 keV in the Co
kroft-Walton[20℄ ele
trostati
 a

elerator. The ions are fed intothe 150 m Lina
[20℄ whi
h uses its 14 RF 
avities and a

elerates the negatively
harged ions to 400 MeV. Both of these 
omponents 
an a

elerate the beam on
eevery 66 millise
onds.From the Lina
, the H� ions are inje
ted into the Booster, an alternatinggradient proton syn
hrotron with a radius of 75 m, where the ele
trons are strippedo� leaving only the protons. The booster a

elerates the protons to 8 GeV anddire
ts them to the Main Ring. The Main Ring is a 
ir
ular syn
hrotron with aradius of 1000 m and whi
h a

elerates the protons up to 120 or 150 GeV. Theproton beam that is a

elerated to 120 GeV 
an be sent to the Antiproton sour
e.As well as a

epting the 8 GeV protons from the booster, the Main Ring 
an a

ept8 GeV antiprotons and a

elerate them up 150 GeV as well. The Main Ring 
antake as little as 2.4 se
onds to a

elerate the beam up to 150 GeV.The Tevatron, lo
ated dire
tly below the Main Ring in the same tunnel, 
ana

ept both protons and antiprotons from the Main Ring and a

elerate them from150 GeV to 900 GeV where they 
an be stored for hours. The use of super
on-du
ting magnets, whi
h need to be 
ryogeni
ally 
ooled, enables the Tevatron toa

elerate the protons and antiprotons to higher energies than Main Ring eventhough they are the same size and shape.



12

FO

Tevatron

RF

TevatronMR P

Injection

Tevatron Extraction

for Fixed Target Experiments

PBar Injection

PBar
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PreAcc
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PBar Target

Main Ring RF

Main Ring

P and

PBar
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DO detector
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EO
Tevtron

Injection

DO

BO

CO

CDF

AO

Fig. 3.1. The general layout of the 
ollider fa
ility at Fermilab (not to s
ale).Note that the Main Ring and the Tevatron are a
tually at the same radius but areshown separated in this �gure for 
larity.
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Fig. 3.2. Produ
tion of antiprotons.Antiprotons[21℄ are produ
ed using 120 GeV protons that are extra
ted fromthe Main Ring and dire
ted to strike a ni
kel target as shown in �gure 3.2. Alithium 
olle
tion lens fo
uses the antiprotons and steers them to the Debun
her.The Debun
her[22℄ is one of the two syn
hrotrons that make up the antiprotonsour
e. The Debun
her is a rounded triangular shaped syn
hrotron with a meanradius of 90 m. It 
an a

ept 8 GeV protons from the Main Ring and 8 GeV an-tiprotons from the target station. The purpose of the Debun
her is to redu
e themomentum spread and energy distribution of the antiprotons by bun
h rotationand sto
hasti
 
ooling[23℄. The antiprotons are then transferred to the A

umu-lator for storage and 
ooling. The A

umulator is the se
ond syn
hrotron of theAntiproton sour
e and it is 
on
entri
 with the Debun
her.On
e enough protons have been a

umulated and the Tevatron has already been�lled with 150 GeV protons bun
hes, antiprotons are transferred to the Main Ring,a

elerated up to 150 GeV, and inje
ted into the Tevatron in 
ounter rotation tothe protons. After the Tevatron has been �lled with both protons and antiprotons,the two 
ounter rotating beams are a

elerated to 900 GeV and made to 
ollide atseveral intera
tion regions.Twelve 
ounter 
ir
ulating bun
hes, six bun
hes of protons and six bun
hesof antiprotons 
ross every 3.5 �s 
orresponding to a 
rossing frequen
y of 286



14kHz. The instantaneous luminosity delivered to the CDF dete
tor varied froma mean value of L = 3:5 � 1030 
m�2s�1 in Run 1A to a mean value of L =8:0� 1030 
m�2 s�1 in Run 1B. Peak luminosities rea
hed in Run 1B were as highas L = 2:6 � 1031 
m�2s�1. The typi
al bun
h size in Run 1A was 12 � 1010protons and 3� 1010 antiprotons. For Run 1B, the number of protons per bun
hwas in
reased to 22:5�1010 and the number of antiprotons to 6:5�1010 per bun
h.The CDF dete
tor is lo
ated at the B0 intera
tion region where it re
ords the 1.8TeV 
ollisions.3.2 The CDF Dete
torThe CDF dete
tor is a 5000 ton general purpose devi
e designed to studythe 
ollisions of protons and antiprotons at energies of 1.8 TeV. A 
omprehensivedes
ription of the dete
tor 
an be found in Referen
e [24℄. CDF, shown in Figure3.3, is 
omposed of several spe
ialized dete
tor elements, ea
h designed to identifya 
ertain 
lass of parti
le or to pre
isely measure their properties. Its 
apabilitiesin
lude 
harged parti
le tra
king, high resolution momentum measurement and�nely segmented ele
tromagneti
 and hadroni
 
alorimetry. Figure 3.4 shows aside view of one quadrant of the dete
tor where the pla
ement of ea
h dete
torsubsystem 
an be seen.CDF is a 
ylindri
al dete
tor that surrounds the Tevatron beam pipe. TheCartesian 
oordinate system used is right handed with the z-axis pointing in theproton beam dire
tion, the y-axis pointing up, and the x-axis pointing out of theTevatron ring. The 
entral dete
tor region 
ontains a large high resolution tra
king
hamber whi
h operates in a 1.4 T magneti
 �eld produ
ed by a super
ondu
tingsolenoid. The magneti
 �eld is oriented along the proton beam. Sin
e 
hargedparti
les traversing the magneti
 �eld follow heli
al traje
tories, a 
ylindri
al 
o-
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Fig. 3.3. An isometri
 view of the CDF dete
tor with one quadrant 
ut away.
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Fig. 3.4. A 
ross se
tional view of one quadrant of the CDF dete
tor. (Not drawnto s
ale)



16ordinate system provides a natural des
ription of the CDF geometry. Like theCartesian system, the z-axis points along the proton beam and the zero value ofz is de�ned at the 
enter of the dete
tor. The radial dire
tion, r, and azimuthalangle, �, have the standard de�nitions. A fourth variable, �, 
alled pseudorapidity,is de�ned in terms of the polar angle, �, as � = � ln(tan(�=2)).3.3 Tra
king SystemsThe re
onstru
tion of the ex
lusive de
ay B+ ! J= K+ requires the pre-
ise measurement of ea
h parti
les' 
harge, momentum and de
ay verti
es. Themeasurement of theses quantities is a

omplished by using four distin
t but 
om-plimentary tra
king subsystems: the sili
on vertex dete
tor (SVX), the vertex timeproje
tion 
hamber (VTX), the 
entral tra
king 
hamber (CTC), and the 
entralmuon 
hambers (CMU).3.3.1 The Sili
on Vertex Dete
tor (SVX)The �rst tra
king subsystem outside the Tevatron beam pipe is the SVX. TheSVX[25, 26℄ is a four layer sili
on mi
rostrip vertex dete
tor that 
onsists of twoidenti
al barrels that meet at z = 0 yielding a total a
tive length of 51 
m .Figure 3.5 shows an isometri
 view of one of the barrels. The SVX was designed toextrapolate the tra
k's heli
al path ba
k into the region within the beam pipe witha pre
ision high enough to di�erentiate se
ondary from primary verti
es. Prompttra
ks extrapolate to the primary vertex while non-prompt tra
ks originate froma se
ondary vertex. Sin
e the luminous region of the pp intera
tion region is aGaussian distribution having a standard deviation of � � 30 
m, approximately60% of the pp intera
tion verti
es lie within the geometri
al a

eptan
e of the SVX.
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Fig. 3.5. An isometri
 view of one of the two sili
on mi
rostrip dete
tor barrelsshowing the ladder arrangement and the support frame.



18For Run 1B a new sili
on vertex dete
tor, SVX0 [27℄, was installed to repla
e theSVX used in Run 1A. The repla
ement was warranted due to the radiation damagethe SVX had sustained resulting in in
reased leakage 
urrent and a signi�
antdegradation in hit eÆ
ien
y by the end of Run 1A. The SVX0 was very similarin design to the SVX. The major di�eren
es being that the DC 
oupled sili
onmi
rostrip dete
tors of the SVX were repla
ed in the SVX0 by AC 
oupled devi
esto redu
e leakage 
urrent and 
oherent noise, the readout 
hips were upgraded tobe radiation hard for the in
reased luminosity of Run 1B, and the inner radius wasredu
ed from 3.00 
m to 2.86 
m to eliminate some of the geometri
al 
ra
ks inthe inner most layer. Unless otherwise noted, referen
es to the SVX apply to theSVX0 as well.In both barrels of the SVX, the four layers are ea
h segmented in twelve laddersthat subtend approximately 30Æ in azimuth and are oriented parallel to the beam.A ladder is 
onstru
ted from three dete
tors whi
h are bonded together end to endto form a single unit with an a
tive region of 25.5 
m, as shown in Figure 3.6.Ea
h sensor is 
omposed of p-type sili
on strips embedded in an n-type sili
onwafer whi
h is approximately 300 �m thi
k. A reverse bias voltage is applied a
rossthe sensor to deplete the wafer of mobile 
harge 
arries. This is a

omplished bytaking advantage of the pn jun
tion 
reated at ea
h implant strip. When a 
hargedparti
le passes through the dete
tor, pairs of ele
trons and holes are 
reated. Theele
trons drift to the nearest strip along the ele
tri
 �eld line and indu
es a 
urrent.Sin
e the implant strips run parallel to the beam and the wire bonding of thethree dete
tors essentially 
reates strips that run the length of the barrel, only �information is obtained from 
harge 
olle
tion. The SVX 
annot provide z positioninformation be
ause of the la
k of segmentation of the barrels in the z dire
tion.The radial information is provided by the layer number.
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Fig. 3.6. An SVX ladder 
onstru
ted from three sili
on dete
tors, readout ele
-troni
s, and support stru
ture.



20The inner three layers have strip pit
h of 60 �m, while the outer layer has astrip pit
h of 50 �m. The average position resolutions for the SVX and the SVX0were measured to be 13 �m and 11.6 �m, respe
tively, and the high transversemomentum (asymptoti
) impa
t parameter resolution was determined to be 17�m for the SVX and 13 �m for the SVX0. Adja
ent ladders in a given layer slightlyoverlap ea
h other to provide full azimuthal 
overage. This is a
hieved with a 3Ærotation of the ladders about their major axes. The SVX0 has all four of its layeroverlapped, however, the the innermost layer of the SVX su�ers from a 1:26Æ gapin � between adja
ent ladder modules.As shown in Figure 3.6, the readout end of ea
h ladder has a small 
ir
uitboard that 
ontains readout 
hips, ea
h of whi
h serve 128 
hannels. Be
ause theladder widths in
rease with radius, the number of readout strips on a given laddermodule depends on the layer in question. The innermost layer, for example, has256 readout strips whereas the outermost layer has 768 readout strips. The totalnumber of readout strips on the SVX is 46,080.Sin
e the sili
on strips in the SVX0 are AC 
oupled to the readout 
hips, whilethose for the SVX were DC 
oupled, the SVX0 bene�ts from a marked redu
tionin noise 
ompared to the SVX. An additional advantage of the AC 
oupled SVX0design is that the readout 
hip preampli�ers, whi
h have 40% more gain thantheir SVX 
ounterpart, will not saturate, even after signi�
ant radiation damagehas in
reased the sili
on mi
rostrip leakage 
urrent appre
iably. These featuresallowed the SVX0 to handle the in
reased luminosities delivered during Run 1B.3.3.2 The Vertex Time Proje
tion Chamber (VTX)The VTX, a vertex time proje
tion 
hamber surrounding the SVX, was de-signed to measure the traje
tories of 
harged parti
les in the r-z plane in a pseu-



21dorapidity range j�j < 3:0. The VTX is important for the determination of the zposition of the primary vertex and the identi�
ation of multiple intera
tions in thesame beam 
rossing. The VTX resolution of a primary vertex lo
ation along thebeam line, whi
h is nominally 2 mm, depends on the number of dete
ted tra
ksoriginating from that lo
ation and the number of primary pp intera
tions in theevent.The VTX, whi
h extends 132 
m from the dete
tor 
enter in ea
h z dire
tionand has a radius of 22 
m, 
onsists of 28 drift modules. Ea
h module 
ontains twodrift regions separated by an aluminum high voltage grid to minimize drift time.End 
aps on ea
h side of the drift modules are azimuthally segmented into o
tants,see Figure 3.7, and are rotated by 15Æ with respe
t to the adja
ent modules (in z)to eliminate ineÆ
ien
ies near module boundaries. Within ea
h o
tant, 16 or 24sense wires, depending on the z position of the module, are oriented tangentially,thereby providing tra
king information in the r-z view. The z lo
ation of a tra
kwith respe
t to a given wire in a given module is determined by the drift time, andthe r information is determined from the radial lo
ation of the wire. The ele
tri
�eld is maintained near 1.6 kV=
m and the gas used is a 50:50 mixture of argonand ethane.3.3.3 The Central Tra
king Chamber (CTC)The largest tra
king subsystem of the CDF dete
tor is the CTC; a drift 
hamber
overing the pseudorapidity range of �1:0 < � < 1:0. It is the only devi
e that
an perform three dimensional momentum and position measurements; both ofwhi
h are essential to the re
onstru
tion of ex
lusive B+ meson de
ays. The CTCsurrounds the VTX and the SVX and has an inner diameter of 55.4 
m , an outerdiameter of 276.0 
m and a length of 320.13 
m [28℄.
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Fig. 3.7. S
hemati
 diagram of the VTX. The left shows a 
ross se
tion of onedrift module in the plane perpendi
ular to the beam line showing the orientationof the sense wires. The right shows the side view of one o
tant of a drift modulewith an example parti
le tra
k.The CTC 
ontains 84 layers of 40 �m diameter gold plated tungsten sensewires arranged into 9 superlayers. Five layers have 12 sense wires oriented parallelto the beam line, 
alled the axial super layers, and the other four layers have sixsense wires tilted 3Æ with respe
t to the beam line 
alled the stereo super layers. Astereo superlayer lies between ea
h axial superlayer. Starting with the innermostsuperlayer labelled as 0, layers 0, 2, 4, 6, and 8 are axial superlayers and layers 1, 3,5, and 7 are stereo. The 
on�guration is illustrated in Figure 3.8 whi
h shows thewire slot lo
ation in the aluminum end plates. The majority of the CTC patternre
ognition re
ognition is done using the data from the axial layers, whi
h providethe r-� tra
king information. The stereo layers furnish the tra
king informationin the r-z view.Ea
h superlayer is divided into open drift 
ells whi
h are tilted at an angle of45Æ with respe
t to the radial dire
tion. For a drift �eld value of 1350 kV/
mand a magneti
 �eld of 1.4 T in the argon/ethane/al
ohol gas mixture that �lls
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Fig. 3.8. The CTC end plate viewed along the z axis showing the lo
ation of thewire slots for the axial and stereo superlayers.



24the 
hamber, this tilt 
auses the ele
trons produ
ed by 
harged parti
les to driftin a dire
tion perpendi
ular to the radial dire
tion. The tilt also allows 
ellsto be overlapped by about 20% and helps to resolve ambiguities in the patternre
ognition.The part of the parti
le traje
tory that is re
onstru
ted in the axial superlayersis a 
ir
ular ar
 in the r-� plane. The 
urvature of the ar
 varies inversely with thetransverse momentum of the parti
le. As the momentum in
reases, the 
urvatureof the tra
k be
omes more un
ertain as the ar
 approa
hes a straight line. The r-�resolution of the 
hamber is better than 200 �m at ea
h wire layer. The r-z resolu-tion is not as good and is on the order of 1 
m. Constraining tra
ks from the sameparti
le to originate from a 
ommon vertex results in an overall momentum reso-lution of the 
ombined SVX-CTC system of ÆpT=pT = q(0:0009pT )2 + (0:0066)2,where pT is the transverse momentum in units of GeV=
.3.4 Central Muon Dete
tor (CMU)The CMU provides muon identi�
ation out to j�j � 0:6 and resides on theouter edge of the 
entral hadroni
 
alorimeter, 347.0 
m from the beam axis, asindi
ated in Figure 3.9. Ea
h 12.6Æ azimuthal wedge 
omprises three modules,ea
h subtending 4.2Æ in �.A CMU module, shown in Figure 3.10 
onsists of four towers, ea
h with fourlayers of re
tangular drift 
ells. A sense wire whi
h extends parallel to the beamline is lo
ated near the 
enter of ea
h 
ell. The r-� lo
ation of the sense wire iso�set by 2 mm for alternate layers. That is, the outermost and se
ond innermost
ells in ea
h tower are oriented su
h that their sense wires lie on a radial line thatoriginates from the geometri
 
enter of the dete
tor. The other two drift 
ells areo�set to determine whi
h side of the radial line the tra
k passed. As labeled in 3.10,
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Fig. 3.9. The layout of the 
entral muon (CMU) wedge with respe
t to the
entral hadroni
 
alorimeter wedge in both the azimuthal (left �gure) and polar(right �gure) views.



26the quantities t2 and t4 represent drift ele
tron arrival times and their di�eren
e,jt4 � t2j, determines the angle between the 
andidate muon and the radial line.This provides a 
rude, but fast measurement of the muon's transverse momentumthrough the relation � � sin� = eL2B2DpT (3.1)where � is the angle between the muon tra
k and the radial dire
tion, e is themuon 
harge, B is the magneti
 �eld, L is the radius of the solenoidal 
oil, and Dis the radius of the innermost sense wire plane of the muon 
hambers.
Muon track Radial centerline

55 mm

t4

t

To pp interaction vertex
_

2

Fig. 3.10. Layout of a 
entral muon dete
tor (CMU) module showing the fourtowers, ea
h with four layers of re
tangular drift 
ells.The relationship between the drift times and the transverse momentum of themuon allows implementation of a Level 1 trigger, whi
h will be dis
ussed in Chapter4. The pulse height at ea
h end of the sense wire is re
orded allowing the position



27of the parti
le tra
k in z to be determined by 
harge division. The resolutiona
hieved is 1.2 mm in the z dire
tion and 200 �m in r-�.
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4. DATA SAMPLE AND EVENT SELECTIONThis 
hapter dis
usses the method of sele
ting the B+ meson 
andidates. Itshould be noted that any referen
e to a spe
i�
 
harge state also implies the the
harge 
onjugate state. The de
ay 
hannel used is B+ ! J= K+ where the J= is required to de
ay into two muons. The general algorithm for identifying a B+meson 
andidate is to 
ombine two muon tra
ks, 
onstrain them to 
ome from a
ommon point in spa
e, and 
al
ulate their invariant mass. If it is within a

eptablelimits of the world average J= mass, then another tra
k is added assuming thatit has the mass of a kaon. The three tra
ks are �t to a 
ommon vertex whi
his required to be displa
ed from the beam line while 
onstraining the two muontra
ks to the world average mass of the J= . The three tra
k invariant mass isformed and the distribution of the B+ meson 
andidates is then �t to determinethe number of signal events over ba
kground.4.1 The Data SampleThe experimental data used in this measurement, referred to as Run 1, werere
orded, using the CDF dete
tor, from 1992 to 1995. Run 1 is 
omprised of twodata-taking intervals known as Run 1A and Run 1B. The Run 1A data set tookapproximately nine months to 
olle
t starting from August of 1992 and ending inMay of 1993. The data 
olle
ted during Run 1A 
orrespond to a time-integratedluminosity of R Ldt = (19.6 � 0.8) pb�1 . Run 1B began in January of 1994



29and ended in July of 1995. The re
orded time-integrated luminosity was R Ldt =89:0� 3:6 pb�1 yielding a 
ombined Run 1 total of R Ldt = 108:6� 4:5 pb�1.The intervening period between the end of Run 1A to the beginning of Run1B was used to improve the CDF dete
tor. The SVX was repla
ed with SVX0 , asdes
ribed in 
hapter 3, new trigger requirements and hardware were implemented,and a signi�
antly improved data a
quisition system was 
ommissioned.Even though the CDF dete
tor underwent several signi�
ant 
hanges betweenRun 1A and Run 1B, the present study used the entire Run 1 sample. The dif-feren
es between the two data sets, su
h as the trigger eÆ
ien
y and the tra
kre
onstru
tion eÆ
ien
y, were a

ounted for in the analysis. Therefore, with these
orre
tions, the Run 1 data set 
ould be regarded as a single uniform sample.4.2 The Trigger SystemThe purpose of the triggering system was to redu
e the rate at whi
h data waswritten to tape while still sele
ting interesting physi
s events. Over the 
ourse ofRun 1, the CDF dete
tor was exposed to an estimated 12.5 trillion pp 
ollisions[29℄.A CDF event, whi
h amounted to the digitized information of a bun
h 
rossingthat 
ould be read out from the CDF dete
tor, had a data length of �165 kB.Su
h an event size 
ould only be reliably written out to several 8 mm magneti
tapes at a rate of approximately 10 Hz, whi
h 
onstitutes the prin
ipal limitationof the CDF data a
quisition system. A three level trigger system was designedto a

ommodate the pp intera
tion rate and sele
t interesting physi
s events witha �30,000:1 reje
tion fa
tor. Ea
h level employed a logi
al \or" of a limitednumber of programmable sele
tion 
riteria that 
olle
tively redu
ed the data rateexposed the next higher trigger level. The redu
tion in rate presented to thehigher trigger levels provided time for more sophisti
ated analyses of potential



30events while de
reasing the amount of time that the CDF dete
tor was unable to
onsider subsequent pp events, referred to as dead time.4.2.1 Level 1The Level 1 trigger required less time than the 3.5 �s bun
h 
rossing period torea
h a de
ision on whether or not a given event passed the 
riteria to go on to Level2; it therefore in
urred no dead time. The short de
ision time was a
hieved by theanalog read-out and pro
essing of data from sele
ted 
omponents with dedi
ated\FASTBUS"-based ele
troni
s[30℄. At an instantaneous luminosity of L = 5 �1030 
m�2s�1, the Level 1 trigger a

eptan
e rate was approximately 1 kHz[31℄.Although it 
ould have been 
on�gured to base its de
isions on information fromseveral di�erent subsystems, the typi
al Level 1 trigger primarily used signals fromthe 
alorimeters and the muon systems. Sin
e this measurement required muonidenti�
ation, only the muon 
omponent of the Level 1 trigger will be des
ribed.The muon 
omponent of the Level 1 trigger exploited the relative drift ele
-tron arrival times �t between pairs of drift 
ell layers in a given CMU module, asdes
ribed in Se
tion 3.4. The two 
ells 
onstituting ea
h of these pairs were sep-arated in r by one drift 
ell, as shown in Figure 3.10. The trigger logi
 operatedon obje
ts, 
alled muon stubs, that were de�ned by the existen
e of any wire pairin a 4-tower 4.2Æ muon dete
tor module with a �t less than a value 
orrespondingto a given minimum pT requirement.Out of the seven Level 1 triggers that involved muon 
andidates, two weredire
tly relevant to this analysis be
ause they spe
i�
ally identi�ed dimuon 
an-didates in the 
entral region of the CDF dete
tor. One of these dimuon triggers(TWO CMU 3PT3) required that the two CMU stubs exist, whereas the other(TWO CMU CMX 3PT3) required that the two stubs ea
h be in either the



31CMU or the CMX (
entral muon extension) modules. Even though CMX muonswere not used in this analysis, the latter trigger did allow events in whi
h the bothmuons had CMU stubs.The Level 1 system made no further requirements on the positions of the twomuons stubs, ex
ept that they be lo
ated in non
ontiguous modules. That is, atleast one muon module la
king a muon stub must have resided between the twomodules where muon stubs were observed. If this was not the 
ase, then the twoadja
ent stubs were merged into a single muon stub for the purposes of the Level1 trigger. The minimum pT requirement on ea
h stub in these two triggers wasnominally 3.3 GeV=
.4.2.2 Level 2After the Level 1 trigger passed an event, the Level 2 trigger uses the informa-tion 
olle
ted at Level 1 to de
ide if the event should go on to the Level 3 trigger.In a pp beam 
rossing for whi
h the Level 1 trigger did not �re, a timing signalfrom the Tevatron announ
ing the o

urren
e of the next beam 
rossing would
ause the stored signals in the dete
tor to be 
leared in preparation for the next
rossing. If the Level 1 trigger did �re, then subsequent timing signals were inhib-ited for 20 �s, during whi
h the Level 2 trigger made its de
ision. At the sametime the Level 2 trigger was pro
essing, up to �ve bun
h 
rossings 
ould o

ur. Atan instantaneous luminosity of L = 5 � 1030
m�2s�1, the typi
al Level 2 outputrate was approximately 12 Hz[31℄.The Level 2 trigger 
ould perform simple tra
king 
al
ulations to determinebasi
 topologi
al features of the event using the same 
alorimetry and muon signalsused at Level 1 with greater sophisti
ation at the expense of dete
tor dead time.



32High speed tra
k pattern re
ognition was a
hieved in Level 2 with the 
entralfast tra
ker (CFT), a hardware tra
k �nder that dete
ted high-pT 
harged parti-
les in the CTC (Se
tion 3.3.3). The CFT measured transverse momentum andazimuth (�) sin
e it only examined hits in the �ve axial superlayers of the CTC.For a given traje
tory of an axial superlayer by a 
harged parti
le, the CFT 
on-sidered two types of timing information: prompt and delayed hits. Prompt hits,whi
h o

urred within 80 ns after the beam 
rossing were due to short drift times
aused by 
harged parti
les traversing the plane of the sense wires in a superlayer.Pairs of delayed hits, one on ea
h side (in �) of a given superlayer, that o

urred500 ns after the beam 
rossing were re
orded. The absolute prompt and delayeddrift times provide information on a tra
k's traje
tory, whereas the relative drifttimes yield measurements of 
urvature, and therefore pT . After all the drift hitswere re
orded, the CFT attempted to 
onstru
t tra
ks by �rst examining hits inthe outermost superlayers. For ea
h sense wire in the outer layer with a prompthit, the CFT looked to the inner layers for \roads", or hit patterns, that mat
hedpatterns in a look-up table that had eight pT bins and two � bins, one for ea
hsign of 
urvature. The pT bins ranged from 3 to 30 GeV=
 with a resolution ofÆpT=pT � 0:035� pT , where pT is in units of GeV=
.The Level 2 trigger system organized the energy 
lusters from 
alorimetry, CFTtra
ks, and muon stubs into 
lusters 
alled \physi
s obje
ts". These in
ludedjets, photons, ele
trons, taus, muons, �ET (total transverse energy) and neutrinos(whose signature is missing transverse energy). All of the dimuon sele
tion triggersat Level 2 impose mat
hing 
riterion between at least one of the two Level 1 muonstubs and a CFT tra
k. Early in the data taking period, the requirement was thatthe stub and the extrapolated tra
k have a separation in � that 15Æ or less. This



33was later tightened to �� � 5Æ to redu
e further the trigger rate due to a

idental
oin
iden
es.The Run 1A Level 2 trigger required one tra
k to be found by the CFT whereasin Run 1B the Level 2 triggers required two CFT tra
ks. The various dimuon Level2 triggers used in this analysis are listed in Appendix A along with their prerequisiteLevel 1 triggers.4.2.3 Level 3The Level 3 trigger[32℄ was a 
exible, high-level, software based 
omputer pro-
essor \farm" that 
ould re
onstru
t several events in parallel. When the Level 2trigger a

epted an event, the 
hannels in the CDF dete
tor with valid data weredigitized and read out by the data a
quisition system and were then transportedto the Level 3 pro
essor farm. Over the 
ourse of Run 1, both the Level 3 triggersystem and the data a
quisition system underwent several signi�
ant 
hanges. Al-though most of these 
hanges took pla
e between Run 1A and Run 1B, not all ofthem were implemented for physi
s data taking at the beginning of Run 1B.For the purposes of analyses involving 
entral muons, the Level 3 trigger re
on-stru
ted muon stubs and CTC tra
ks using algorithms that were largely identi
alto those employed in the o�-line event re
onstru
tion (refer to Se
tion 4.6). How-ever, sin
e the three dimensional tra
k re
onstru
tion 
onstituted most of the Level3 exe
ution time, only the faster of the two tra
king algorithms used in the o�-line
ode was utilized in the trigger.Run 1A used only one dimuon trigger to form the data sample for the presentanalysis. It 
ontained dimuon 
andidates from the de
ay J= ! �+�� whi
hrequired two oppositely 
harged muon 
andidates with an invariant mass in the



34range 2.8-3.4 GeV=
2 . The Run 1B trigger did not impose the opposite signrequirement and had an invariant mass window of 2.7-4.1 GeV=
2.In addition, the Level 3 dimuon triggers used in this study pla
ed positionmat
hing requirements between the muon stubs and their asso
iated CTC tra
ks.The algorithm extrapolated the CTC tra
k to the appropriate muon subsystemand determined the di�eren
e in position between the proje
ted tra
k and themuon stub in both the r-� plane and the z dire
tion, 
orre
ting for energy loss andmultiple s
attering as a fun
tion of pT. The Run 1A J= tra
ks were required tomat
h the muon stubs within four standard deviations of the 
ombined multiples
attering and measurement un
ertainties, whereas in Run 1B they were requiredto mat
h within three standard deviations.If an event was a

epted by the Level 3 trigger, the data is then written to8-mm tapes to be pro
essed by the o�ine event re
onstru
tion. The o�ine eventre
onstru
tion produ
ed higher level physi
s obje
ts from the low level dete
toroutput data stru
tures. Sin
e exe
ution speed was less 
riti
al, the o�ine 
ouldmake use of better 
alibration and alignment 
onstants, more 
omprehensive run
ondition information, and more sophisti
ated tra
king algorithms than were pos-sible at Level 3. On
e the o�ine was 
omplete, the data was stored for futurephysi
s analysis.4.3 Primary Vertex Sele
tionsThe primary vertex position, or point of origin, of the de
ay pro
ess underexamination was 
ru
ial to this analysis. Primary vertex information was usedin the 
al
ulation of the proper de
ay lengths. This se
tion des
ribes the pro
essof measuring the positions of the verti
es in a given event, and sele
ting a singlevertex in events where more than one vertex was observed.



35The transverse and longitudinal 
oordinates of the primary verti
es were mea-sured in two very di�erent ways. The longitudinal 
oordinate (z) was establishedon an event-by-event basis using data from the VTX dete
tor (refer to Se
tion3.3.2), where the vertex quality was determined on the basis of the number ofVTX hits used to identify the vertex. As the measurement un
ertainty 
al
ulatedby the vertex-�nding software was deemed to be unreliable due to the resolutionof the VTX subsystem, a �xed un
ertainty of �z = 0:3 
m was assumed for allevents. The transverse 
oordinates, x and y, of the primary verti
es in an eventwere typi
ally 
al
ulated using the measured run-averaged beam position. Therationale for this was that the transverse beam position typi
ally varied less than10 �m in either the x or y dire
tions over the 
ourse of a single data-taking runand that any event-by-event transverse 
oordinate measurements would be biasedby the 
u
tuating tra
k multipli
ities and event topologies in individual events.The slopes and inter
epts of the run-averaged beam position were therefore 
om-bined with the event-by-event z lo
ations of the verti
es in an event to determinethe transverse positions of those verti
es. The transverse 
oordinate measurementun
ertainties were �xed to (�x; �y) = (25,25) �m, 
orresponding to the observed
ir
ular beam spot size in the transverse plane.During the latter stages of Run 1B, when the instantaneous luminosities oftenex
eeded those in Run 1A by an order of magnitude, the primary vertex multipli
-ities also in
reased dramati
ally. Whereas in Run 1A the average number of highquality verti
es in a given event was � 1:6 with � 3% of events having at leastfour su
h verti
es, Run 1B events averaged � 2:9 high quality verti
es with � 5%of events having at least eight su
h verti
es. On
e a pair of muon 
andidates hadbeen identi�ed, the z 
oordinates of the two 
andidates were used to sele
t a singlevertex. Spe
i�
ally, of those verti
es possessing the highest quality 
lassi�
ation



36for the given event, the vertex that had the shortest longitudinal displa
ement fromeither of the two muon 
andidates was 
hosen as the primary vertex 
orrespondingto the muon obje
ts. The position 
oordinates of muon 
andidates, as opposedto those of other tra
ks used in this analysis, were used to sele
t primary verti
esbe
ause the two muon 
andidate tra
ks 
onstituted a well known and distin
t partof the �nal state under study.4.4 Tra
k Quality CriteriaTra
k quality requirements were used to redu
e the ba
kgrounds arising frompoor tra
k measurements in the CDF dete
tor. Tra
k 
andidate �ts re
onstru
tedfor this study were required to have used at least four hits in ea
h of at least twoaxial superlayers of the CTC (refer to Se
tion 3.4 for a des
ription of the CTC).These tra
k �ts also had to use at least two hits in ea
h of at least two stereosuperlayers of the CTC. No requirement was made on whi
h two of the �ve axialand four stereo superlayers were used in the �t.Tra
ks possessing transverse momenta pT > 250 MeV=
 were re
onstru
tedin the o�ine stage of the data redu
tion pro
ess. Useful measurement of tra
kswith pT < 250 MeV=
 would have been diÆ
ult due to the number of tra
k heli
eswhose radius of 
urvature is small enough so that the tra
k loops inside the dete
tor(\loopers") and the large number of hits available populating the inner superlayersof the CTC. As des
ribed in Appendix C, a study of the low pT pattern re
ognitioneÆ
ien
y indi
ated that a requirement of pT > 800 MeV=
 (see Figure C.23) wouldensure that 
andidate tra
ks would be in a pT range with a relatively 
onstant andmeasurable tra
king eÆ
ien
y. The pT requirement imposed on 
andidate kaontra
ks is 1.25 GeV=
 and the muons are required to have a pT of at least 1.8GeV=
.



37Tra
ks with high absolute pseudorapidity tended to have a redu
ed re
onstru
t-ing eÆ
ien
y be
ause the tra
k path would 
ross the CTC endplate before travers-ing enough layers to deposit the requisite number of the useful hits. Requiringthe radii at whi
h extrapolations of the tra
k heli
es interse
ted one of the end-plate planes of the CTC, RCTCExit , was used to remedy the problem by diminishingthe pseudorapidity a

eptan
e. For example, a 
ut of RCTCExit > 132.0 
m requiresthat the tra
k traverses all nine superlayers of the CTC. However, a requirementof RCTCExit > 110 
m, whi
h 
orresponds to the tra
k passing through the outeredge of superlayer six before 
rossing the end plate plane, de�ned a set of tra
kswith a high re
onstru
tion eÆ
ien
y while minimizing the redu
tion in geometri
a

eptan
e[33℄. This requirement was imposed on the non-muon tra
k 
andidatesafter multiple s
attering and energy 
orre
tions had been applied. Muon 
andi-dates were not subje
t to an RCTCExit 
ut as they are required to have a valid muonCMU stub whi
h lies outside of the CTC volume.In this study, information from the VTX and the CTC subsystems were em-ployed in the re
onstru
tion of tra
k paths. The heli
al traje
tories of the tra
kswere extrapolated ba
k into the SVX where asso
iated hits were sought using aroad algorithm. If a suÆ
ient number of good SVX hits were found, then thetra
k was re�t using all of the relevant VTX, CTC, and SVX information and theresulting tra
k helix was used.4.5 Muon Candidate Sele
tionThe minimum transverse momentum required of a muon to traverse the 
entral
alorimeters and the solenoid magnet at � � 0 and rea
h the CMU subsystem was�1.4 GeV=
. For Run 1A, ea
h muon had to have a minimum transverse momen-tum of 1.8 GeV=
 with at least one muon of the pair having a pT > 2:8 GeV=
. Run



381B required that ea
h muon's transverse momentum be greater than 2.0 GeV=
 fortheTWO CMU TWO CFT and theTWO CMU ONE CFT 6TOW triggerswhereas the TWO CMU CMX TWO CFT trigger had pT 
riteria identi
al tothe trigger used in Run 1A. Even though the low edge of these pT requirements fellwithin ineÆ
ient regions of the measured Level 1 and Level 2 pT dependent triggereÆ
ien
y distributions, imposing a higher requirement would have de
reased thenumber of B+ 
andidates and weakened the statisti
al signi�
an
e of the measure-ment.A major sour
e of muon ba
kground was due to the 
harged kaons and pionsde
aying in 
ight to yield muons within the CDF tra
king volume. In some 
ases,the 
harged kaon or pion tra
ks were re
onstru
ted in the CTC, and the daugh-ter muons registered stubs in the muon systems. A se
ond major sour
e of muonba
kground was that due to hadroni
 \pun
h-through" parti
les, namely hadronsthat passed through the 
alorimeters and entered the muon systems. An averageof 5.4 pion intera
tion lengths lies between the CMU and pp 
ollision region, re-sulting in approximately 1 in 220 high energy hadrons traversing the 
alorimetersundete
ted.In order to redu
e these ba
kgrounds, a tra
k 
andidate in the CTC, whenextrapolated out to the muon 
hambers, was required to mat
h the position of amuon stub. This 
ondition was only met if the muon stub and the extrapolatedCTC tra
k is within three standard deviations of the multiple s
attering and themeasurement un
ertainties in both the transverse (r-�) and longitudinal (z) planes.This translates into mat
hing 
uts of �2(r � �) � 9:0 and �2(z) � 12:0.Ea
h muon is also required to have SVX information. This allows a morepre
ise proper de
ay length measurement (see Se
tion 4.7).



394.6 J= Sele
tionJ= ! �+�� 
andidates were formed by 
onsidering all the muon 
andidatesin a given event that met the 
riteria outlined in the previous se
tion. The two
andidates 
onstituting the muon pair were required to possess 
harges of oppositesign. A kinemati
al �t of the two muons is performed 
onstraining the two tra
ksto originate from the same point in spa
e. The resulting invariant mass is thenrequired to satisfy the following 
ondition:�����M�� �MJ= Æ�� ����� � 4:1 (4.1)where M�� is the invariant mass of the muon pair, MJ= is the world average J= mass of 3.09688 GeV=
2 [34℄, and Æ�� is the estimated mass error from the \vertex-
onstrained" kinemati
 �t. The 
hoi
e of 4.1 will be dis
ussed in the next 
hapter,but represents a 3:3� 
ut on the �tted distribution.The distribution of the J= mass 
andidates that passed the sele
tion require-ments is shown in Figure 4.1. The J= width varies as a fun
tion of pT , so themass distribution is non-Gaussian. Therefore, the mass distribution is �t with asum of two Gaussians, plus a linear ba
kground. The number of J= is 86829 �2113 over ba
kground with a mass of M�� = 3:0951 � 0:001 GeV=
2. The �ttedwidths of the two Gaussians are 13:2� 0:2 MeV=
2 and 27:8� 0:5 MeV=
2.4.7 B+ Meson Sele
tionAfter a sample of J= 
andidates have been sele
ted, the pro
ess of �ndingthe remaining 
harged kaon to re
onstru
t the B� 
andidate begins. In this en-ergy ranges, the CDF dete
tor la
ks the ability to di�erentiate kaon tra
ks frompion tra
ks, and, therefore all tra
ks passing the quality 
uts are 
onsidered kaon
andidates. As a 
onsequen
e of this mass assignment, the 
ombinatorial ba
k-
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41ground 
ould signi�
antly degrade the signal to ba
kground ratio. Fortunately,the 
harged parti
le in
lusive 
ross se
tion in pp 
ollisions is a rapidly falling fun
-tion of transverse momentum[35℄. De
ay produ
ts from B+ meson tend to havea higher pT than the other unasso
iated tra
ks in the event, su
h as those fromthe underlying event, so imposing pT 
uts is an eÆ
ient method of enhan
ing thesignal to ba
kground ratio. The kaon is required to have transverse momentum of1.25 GeV=
 or greater.To form the B+ ! J= K+ de
ay, the muons forming the J= 
andidate andthe kaon 
andidate are 
ombined by kinemati
ally �tting the three tra
ks. Two
onstraints are imposed in the �t. The �rst is that all three tra
ks originate fromthe same point in spa
e and the se
ond is that the dimuon invariant mass is requiredto be the world average J= mass.On
e the �t is done, the de
ay vertex of the B+ meson is required to be distin
tfrom the primary vertex of the event to enhan
e the signal to ba
kground ratio.The signed proper de
ay length in the B+ rest frame is de�ned as
t(B) = ��!XJ= � �!pBTpBT � 1(�
)B = MB��!XJ= � �!pBT(pBT )2 (4.2)where ��!XJ= = (xJ=psi � xPV )̂i + (yJ= � yPV )ĵ (4.3)and (�
)B is the relativisti
 boost of the B+ meson. The (xJ= ; yJ= ) are the xand y 
oordinates of the J= de
ay vertex and the (xPV ; yPV ) are the transverse
oordinates of the primary vertex asso
iated with the two muons (see Se
tion4.3). This de�nition utilizes the transverse momentum of all three tra
ks while theposition information of only the J= de
ay vertex (two muon tra
ks) is used underthe assumption that, sin
e the J= de
ays ele
tromagneti
ally, it is the same as



42the B+ meson de
ay vertex. This method has the advantage of utilizing the betterpre
ision of the SVX, sin
e the muons are required to have SVX information.The proper de
ay length is required to be greater than 100 �m. In addition,the transverse momentum of ea
h B 
andidate is required to be greater than 6.0GeV=
, whi
h is the Monte Carlo predi
tion for the minimum B+ momentumne
essary to produ
e the de
ay produ
ts whi
h pass all the other sele
tion 
uts.The following list summarizes the sele
tion 
uts:� Minimal quality 
uts on the tra
ks:{ � 2 axial layers with at least4 used hits{ � 2 stereo layers with at least2 used hits� Require SVX information{ Number of found hits � 3� (pT (�1 and�2) � 2:0) GeV=
 or(pT (�1 and�2) � 1:8 GeV=
 andpT (�1 or�2) � 2:8 GeV=
 )

� Muon mat
hing �2(r-�) � 9:0� Muon mat
hing �2(z) � 12:0� jM�� �MJ= j � 4:1�� jZvertexj � 60:0 
m� All events pass DIMUTG� pT (K�) � 1:25 GeV=
� pT (B) � 6:0 GeV=
� 
t � 100 �m� RExit(K+) � 110:0 
mFigure 4.2 shows the B+ invariant mass distribution after all the sele
tionrequirements have been applied. The distribution is �t with a Gaussian signalfun
tion plus a linear ba
kground using a unbinned maximum likelihood method.See Se
tion 6.1 for a detailed des
ription of the �t pro
edure. The region below5.15 GeV=
2 has been ex
luded from the �t to prevent overestimating the 
ombi-natorial ba
kground under the B+ mass peak. Some B+ ! J= K+ 
andidates
ould be in
ompletely re
onstru
ted B0 ! J= K�0 de
ays, and with perfe
t massresolution the invariant mass formed for these partially re
onstru
ted B0 mesons



43would lie at least one pion mass (140 MeV=
2) below the B+ mass. The �t resultsin 387� 32 B+ 
andidates over ba
kground.4.8 Ba
kground Che
ksTwo similar de
ay modes that 
ould possibly 
ontribute to the signal regionof the B+ ! J= K+ invariant mass distribution are B+ ! J=	�+ and B+ !�
1(1p)K+ where �
1(1p) ! J=	
. For the former de
ay mode, the pion tra
k isre
onstru
ted as a kaon and the resulting invariant mass is shifted higher than theB+ mass due to the wrong mass assignment. Figure 4.3 shows the invariant massdistribution of Monte Carlo B+ ! J=	�+ events re
onstru
ted as B+ ! J= K+. The ratio of bran
hing ratios relative the B+ ! J= K+ is[34℄B(B+ ! J=	�+)B(B+ ! J=	K+) = 0:051� 0:014: (4.4)Using the measured number of B+ ! J= K+ signal events (387�32) and the ratioof bran
hing ratios, the expe
ted number of B+ ! J=	�+ events to 
ontribute is20� 6. Sin
e the statisti
al error of the B+ ! J= K+ events is larger than theexpe
ted number of B+ ! J=	�+ events, the potential ba
kground is 
onsideredto have a negligible 
ontribution.For the B+ ! �
1(1p)K+ de
ay mode, only the J= and the kaon will bere
onstru
ted. The invariant mass of the partially re
onstru
ted de
ay falls belowthe �tting range of the mass distribution and therefore does not 
ontribute anysigni�
ant ba
kground to the B+ signal region. Figure 4.4 shows the invariant massdistribution when the B+ ! �
1(1p)K+ de
ay is re
onstru
ted as a B+ ! J= K+event in Monte Carlo.
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5. DETECTOR ACCEPTANCE ANDRECONSTRUCTION EFFICIENCYSin
e this 
ross se
tion analysis is a measurement of an absolute rate at whi
hthe B+ meson is produ
ed, it is essential to know the proportion of 
andidatesthat go unobserved due to both the �du
ial dete
tor geometry and the kinemati
sele
tion 
riteria. Measurements of the geometri
al a

eptan
e of the dete
tor andre
onstru
tion eÆ
ien
ies are used to determine the total number of B+ mesonsprodu
ed. This 
hapter des
ribes the methods of determining the dete
tor a

ep-tan
e and the re
onstru
tion and sele
tion eÆ
ien
ies using a Monte Carlo eventgenerator in 
onjun
tion with dete
tor and trigger simulators. The �rst se
tion(Se
tion 5.1) explains the eÆ
ien
ies that required Monte Carlo simulations andSe
tion 5.2 details the eÆ
ien
ies that were measured with data.5.1 Geometri
 and Kinemati
 A

eptan
e5.1.1 Monte Carlo Event GeneratorTo produ
e the B+ de
ays, single b quarks were generated a

ording to an in
lu-sive transverse momentum spe
trum based on a next-to-leading order QCD 
al
u-lation [1℄ that used the Martin-Roberts-StirlingMRST parton distribution or stru
-ture fun
tions [36℄. The renormalization s
ale was set to � = �0 � q(m2b + p2T (b))and a b quark mass of mb = 4:75 GeV=
2. The b quarks were produ
ed in therapidity range �1:1 < yb < 1:1 with pT (b) � 5:5 GeV=
 and fragmented into B+



48mesons a

ording to a model that used the Peterson fragmentation fun
tion [15℄with the Peterson parameter set to, �b = 0:006 [16℄.5.1.2 Monte Carlo De
ay of B+ MesonsDe
ays of Monte Carlo generated B+ mesons into the J= and the kaon �nalstates were performed using a modi�ed version of the CLEO QQ Monte Carloprogram[37℄. Properties of the relevant parti
les, in
luding mass, lifetime, andintrinsi
 width, were updated in the program to re
e
t the 
urrent world aver-age values[34℄. In the B+ ! J= K+ de
ay, sin
e the B+ and the kaon arepseudo-s
alar parti
les, the J= parti
le is purely longitudinally polarized whi
his a

ounted for in the QQ pa
kage.5.1.3 Dete
tor SimulationOn
e the Monte Carlo B+ mesons were generated and de
ayed into their �nalstate, a full Monte Carlo simulation of the CDF dete
tor, 
alledQFL, was utilized.QFL propagates the parti
les through the magneti
 �eld and uses the knownresolutions of ea
h dete
tor 
omponent to smear out the measured tra
k helixparameters. It also in
orporates the geometri
al distribution of matter in thedete
tor to simulate multiple Coulomb s
attering and energy lost by parti
les asthey pass through matter.The simulation produ
ed raw data stru
tures that were in most 
ases identi
alto those read out from the a
tual dete
tor during data taking runs. This allowedthe subsequent pro
essing of the Monte Carlo events to be identi
al to that usedfor the a
tual data.As dis
ussed in Se
tion 4.1, the CDF dete
tor geometry 
hanged between Runs1A and 1B as well as the lo
ation and distribution of the material due to 
abling



49and support stru
tures. To a

ount for theses di�eren
es, full simulations for bothportions of the run were performed and the a

eptan
es were averaged, weightedby integrated luminosity.5.1.4 Trigger SimulationSin
e the muons in the data sample used for this analysis were required topass the J= Level 1 and Level 2 triggers, a simulation of the triggers has beenin
luded in the a

eptan
e 
al
ulation. This simulation randomly a

epts muon
andidates with a probability determined by the trigger eÆ
ien
ies. For the Run1A simulation, the module MU2TRG was used while DIMUTG module[38℄ wasused for Run 1B simulation. The main di�eren
e being that the Run 1A triggersused one muon to trigger an event whereas the Run 1B triggers required that twomuons to pass the trigger requirements. Ea
h module used parameterizations ofthe measured muon trigger eÆ
ien
ies to determine the probability that a given
andidate satis�ed the requirements.5.1.4.1 Run 1A Trigger EÆ
ien
iesThe Level 1 trigger eÆ
ien
ies for Run 1A was determined by analyzing a datasample 
ontaining events that passed a single muon trigger. Some of these eventsalso 
ontained a se
ond muon. The invariant mass of the trigger muon and anyother muon was formed. Using the invariant mass distribution, the J= 
andidateswere identi�ed and the se
ond (non-trigger) muon leg was 
onsidered to be a goodmuon 
andidate. Sin
e the se
ond muon was not required to pass the Level 1trigger, it 
ould be used to provide an unbiased estimate of the trigger eÆ
ien
y.The fra
tion of non-trigger J= muon legs that passed Level 1 was 
al
ulated as afun
tion of the muon transverse momentum.



50The Level 2 trigger eÆ
ien
y is simply a measure of the CFT tra
king eÆ
ien
y(refer to Se
tion 4.2.2) whi
h is determined by the roads that have been de�nedfor the CFT pattern re
ognition algorithm. The eÆ
ien
y was determined usingthe Run 1A J= data set. For all J= 
andidates, one muon leg whi
h had anasso
iated CFT tra
k (whi
h meant that it passed the Level 2 trigger) was iden-ti�ed. Then the fra
tion of se
ond legs whi
h also have an asso
iated CFT tra
kwas determined as a fun
tion of the muon transverse momentum.5.1.4.2 Run 1B Trigger EÆ
ien
iesThe Run 1B Level 1 muon trigger is fundamentally the same as the Run 1ALevel 1 trigger. Therefore, the Level 1 eÆ
ien
y used in Run 1A is applied to Run1B.Unlike the Level 1 trigger, the Level 2 trigger was 
hanged dramati
ally betweenRun 1A and Run 1B. In Run 1A a dimuon pair 
ould pass the trigger as long asone of the muons had an asso
iated CFT tra
k. For Run 1B, both muons had tohave an asso
iated CFT tra
k and a CMU stub that passed the Level 1 trigger.The data sample used to measure the Level 2 dimuon trigger eÆ
ien
y 
onsist ofJ= events where both muons are required to pass the Level 1 trigger and onemuon is required to pass a single CFT tra
k Level 2 trigger. The muons that werenot responsible for triggering the Level 2 trigger made up an unbiased sample usedto measure the Level 2 dimuon trigger eÆ
ien
y.5.1.5 Combined Geometri
al A

eptan
e and Trigger EÆ
ien
yThe events were pro
essed by the same analysis 
ode used on the data toestimate the 
ombined a

eptan
e and trigger eÆ
ien
y. The produ
ts of thesequantities are listed in Table 5.1.



51Table 5.1. The produ
t of the trigger eÆ
ien
y and the a

eptan
e in the pT binsfor Run 1A, Run 1B and the integrated luminosity weighted average for Run 1.pT Range hpT i Trigger EÆ
ien
y�A

eptan
e (%)(GeV/
) (GeV/
) Run 1A Run 1B Run 16 - 9 7.34 2.01�0.02 1.61�0.02 1.70�0.039 - 12 10.35 5.29�0.05 4.20�0.04 4.44�0.0612 - 15 13.36 8.36�0.10 6.53�0.09 6.93�0.1315 - 25 18.87 11.96�0.14 9.26�0.12 9.57�0.11Figure 5.1 shows the geometri
 and kinemati
 a

eptan
e for Runs 1A and 1Bdata as a fun
tion of the B+ transverse momentum. The a

eptan
e is plotted atthe mean pT , hpT i, in ea
h of the ranges shown in Table 5.1. The 
al
ulation ofthe hpT i is presented in Appendix B.The sele
tion 
riteria used to de�ne the geometri
 and kinemati
 a

eptan
eare listed below:� Minimal quality 
uts on the tra
ks:{ � 2 axial layers with at least4 used hits{ � 2 stereo layers with at least2 used hits
� (pT (�1 and�2) � 2:0) GeV=
 or(pT (�1 and�2) � 1:8 GeV=
 andpT (�1 or�2) � 2:8 GeV=
 )� jM�� �MJ= j � 4:1�� pT (K�) � 1:25 GeV=
� pT (B) � 6:0 GeV=
� RExit(K+) � 110:0 
mThe Run 1B a

eptan
e is slightly higher than the a

eptan
e in Run 1A be-
ause the muon pair 
an have one of two pT 
ombinations. That is, for the Run 1B
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53a

eptan
e, the two muons 
an have a transverse momentum 
ombination whereea
h muon has a pT greater than 2.0 GeV=
 or the 
ombination where ea
h muonhas a pT greater than 1.8 GeV=
 with one muon's pT greater than 2.8 GeV=
.Whereas for Run 1A, only the latter 
ombination is utilized.Figure 5.2 shows the trigger eÆ
ien
y for ea
h portion of Run 1 as a fun
tion ofthe B+ transverse momentum. The trigger eÆ
ien
y for Run 1A is � 20% higherthan Run 1B. Two e�e
ts 
ontribute to this di�eren
e. One is the requirementof two CFT tra
ks (refer to Se
tion 4.2.2) in Run 1B whi
h lowers the triggereÆ
ien
y by � 15% relative to Run 1A. Run 1A only requires that one tra
k befound by the CFT. The other is a � 10% di�eren
e in trigger a

eptan
e.5.2 EÆ
ien
ies of the O�ine Sele
tion RequirementsThe dete
tor a

eptan
e and trigger eÆ
ien
ies des
ribed in the previous se
-tion did not in
lude all of the 
riteria for sele
ting a B+ 
andidate. This se
tionpresents the eÆ
ien
y of the o�ine sele
tion requirements and a des
ription of theeÆ
ien
y 
al
ulation.5.2.1 Muon Mat
hing RequirementsMuons forming the J= 
andidates were required to pass sele
tion 
uts basedon the �2 of the mat
h between the inter
ept of the muon 
hamber tra
k segmentand the CTC tra
k in both the r-� and z dire
tions. The mat
hing 
uts applied are�2(r-�) � 9:0 and �2(z) � 12:0. The eÆ
ien
y of these 
uts was determined from asample of J= 
andidate events 
ontaining muons whi
h were only required to passthe looser Level 3 mat
hing requirements of �2(r � �) � 16:0 and �2(z) � 16:0.In ea
h event, a muon was randomly 
hosen, and if it passed the mat
hing 
uts,the invariant mass of the dimuon pair was 
al
ulated. The eÆ
ien
y of the 
uts
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55was found by dividing the number of J= for whi
h the se
ond muon leg passedthe 
uts by the number of J= for whi
h at least the �rst leg passed the 
uts. TheeÆ
ien
y of requiring both J= muons to pass the 
uts is then the produ
t of theeÆ
ien
y for ea
h muon to pass the 
uts, and was determined to be 98:7 � 0:2%[39℄. The un
ertainty is due to the statisti
al error on the �ts to the J= invariantmass distributions.5.2.2 SVX Fra
tionSin
e both muons from the J= are required to have been re
onstru
ted in theSVX (refer to Se
tion 3.3.1), the fra
tion of events that are not observed in theSVX needs to be known. The eÆ
ien
y of this requirement was measured usingthe same J= data set that is used the measure the B+ 
ross se
tion sin
e � 20%of the events are produ
ed from B mesons; the other � 80% originate from theprimary vertex 
alled prompt events. The muons 
ontained in this sample haveeither been re
onstru
ted by the CTC or have been re
onstru
ted by the CTC andthe SVX.The SVX fra
tion is measured by 
ounting the number of J= 's with SVXinformation and dividing by the number of J= 's that have only been re
onstru
tedin the CTC. The SVX fra
tion is 52:35� 0:55% for Run 1A and 56:33� 0:23% forRun 1B. The fra
tion for Run 1B is larger than Run 1A be
ause the inner layer ofthe SVX was moved in 
loser to the beam line to eliminate the small separationbetween the �rst layer sili
on wafers present in Run 1A (see Se
tion 3.3.1.) Theun
ertainty is due to the statisti
al error on the �ts to the J= invariant massdistributions.



565.2.3 J= Normalized Mass CutThe J= normalized mass 
ut is used to redu
e the 
ombinatorial ba
kgroundby sele
ting muon pairs that are very likely to be a J= . Figure 5.3 shows thenormalized J= mass distribution, as de�ned by Equation (4.1), for Run 1A, Run1B, and the entire Run 1 data set. The mass window 
ut was 
hosen to be �3:3�̂where �̂ is taken from the width of the Gaussian �tted Run 1B normalized massdistribution. Given this 
hoi
e, the eÆ
ien
y of the mass window 
ut is the fra
tionof the area of the Gaussian lying within the mass window, whi
h is 99.9%. Ideally,if the error on the mass determination were 
orre
tly estimated, the width of thenormalized J= mass would be 1. The fa
t that these widths are greater than 1indi
ate that some of the tra
king parameter errors are underestimated.5.2.4 
t Cut EÆ
ien
yThe eÆ
ien
y of requiring the B+ mesons to have a proper de
ay length, de�nedby Equation (4.2), to be greater than 100 �m was determined using Monte Carlogenerated events and the lifetime resolution measured in the J= data set. TheMonte Carlo events were generated and de
ayed using the same method to 
al
ulatethe a

eptan
e des
ribed in Se
tions 5.1.1 and 5.1.2, but the lifetime resolution wasobtained from data.The data used to measure the lifetime resolution was the ba
kground eventsobtained from the sidebands (5.20-5.25 GeV=
2 and 5.35-5.40 GeV=
2) of the B+invariant mass distribution. These events were 
hosen sin
e the majority of themwould have a lifetime 
onsistent with zero. The lifetime distributions were �twith Gaussian fun
tion for the prompt (
entral) peak and exponential fun
tion forea
h side of the 
entral peak. Figure 5.4 shows the �t to the distributions in thefour pT (B+) ranges and the 
orresponding lifetime resolution whi
h is determined
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58by the width of the 
entral Gaussian. Figure 5.5 shows the resolutions for Run1A and Run 1B. Sin
e the di�eren
e between the two runs is mu
h smaller thanthe di�eren
e between the lowest and highest pT ranges, th 
t 
ut eÆ
ien
y wasmeasured as a fun
tion of the B+ transverse momentum.The Monte Carlo generated lifetime was smeared using a Gaussian resolutionfun
tion with a width that was measured in the data for ea
h pT range. TheeÆ
ien
y is then the fra
tion of events that pass the 100 �m 
t 
ut. Table 5.2.4lists the eÆ
ien
ies in ea
h pT range. The systemati
 error on the eÆ
ien
y wereobtained by varying the resolution of the Gaussian by ��.Table 5.2. 
t 
ut eÆ
ien
ies in ea
h of the four pT bins.pT Range GeV=
 hpT i 
t EÆ
ien
y6 - 9 7.34 78:3� 0:2%9 - 12 10.35 78:9� 0:4%12 - 15 13.36 78:5� 0:5%15 - 25 18.87 78:0� 0:3%Sin
e the eÆ
ien
y showed virtually no variation with the B+ transverse mo-mentum even though the resolution doubled from the lowest to the highest pT bin,the average of the four values was determined and the largest error was taken asthe error on the 
al
ulated average; 78:4� 0:5%.5.2.5 Tra
king EÆ
ien
iesOne drawba
k of the QFL dete
tor simulation is that it is perfe
tly eÆ
ient atre
onstru
ting any parti
le tra
ks that are 
ontained within the dete
tor volume.
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σ = 66.34 ± 1.44 σ = 77.21 ± 3.22

σ = 97.66 ± 7.71 σ = 124.96 ± 16.17

Fig. 5.4. The lifetime distribution of the B+ ba
kground events in pT ranges:6-9. 9-12, 12-15, and > 15 GeV=
.
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Fig. 5.5. The lifetime distribution of the B+ ba
kground events for Run 1A andRun 1B.



61Sin
e the CDF dete
tor is not perfe
tly eÆ
ient at re
onstru
ting tra
ks, it isne
essary to apply an additional 
orre
tion for this.There are two 
omponents that 
omprise the tra
king eÆ
ien
ies. The �rstpart is the eÆ
ien
y of the tra
king that is done in the Level 3 trigger system.IneÆ
ien
ies in the tra
king of the muons at this stage 
an 
ause the event to bereje
ted from the data sample. On
e an event has been a

epted at Level 3, onemust a

ount for the o�ine CTC tra
k re
onstru
tion eÆ
ien
y. This stage mayimprove the tra
k quality or �nd new tra
ks that were missed at Level 3.5.2.5.1 Level 3 Online Tra
king EÆ
ien
yThe Level 3 online tra
king eÆ
ien
y was determined using a spe
ial data setin whi
h all events that pass the Level 2 triggers were written out. The eÆ
ien
yis therefore the fra
tion of events that were identi�ed by the Level 3 trigger andwas measured to be 97� 2%.During Run 1A, there was a portion of the data taking that su�ered from thestart time of ea
h event being in
orre
tly determined, referred to as \bad T0" runs.The net e�e
t of these runs was an extra ineÆ
ien
y in re
onstru
tion at Level 3and was determined to be � 4%[40℄. The Level 3 eÆ
ien
y used for Run 1A is93:1� 2:0%.5.2.5.2 CTC O�ine Tra
king EÆ
ien
ySin
e the Level 3 online tra
king is a simpli�ed version of the tra
k re
onstru
-tion that is done o�ine, it is assumed that all muons identi�ed by Level 3 
an bere
onstru
ted o�ine. However, it is still ne
essary to 
orre
t for the tra
k �ndingeÆ
ien
y for the kaon tra
k. A detailed study[41℄ of the CTC tra
k re
onstru
tioneÆ
ien
ies was 
ondu
ted. To measure the eÆ
ien
y, a Monte Carlo generated



62kaon tra
k was \embedded" in a displa
ed J= event. The angle of the kaon dire
-tion with respe
t to the J= dire
tion and the momentum were adjusted so thatthe ve
tor sum of ea
h parti
le's four momentum 
reated a B+ meson. This wasdone for � 42; 000 events. The events were re
onstru
ted and the fra
tion of eventswhere the kaon was su

essfully found is the CTC tra
k re
onstru
tion eÆ
ien
y.Appendix C summarizes the methodology and results of the tra
k re
onstru
tioneÆ
ien
y measurements. The single tra
k re
onstru
tion eÆ
ien
y was measuredto be 99:6� 0:9% for a tra
k with pT > 0:8 GeV=
 and with RCTCExit > 130 
m.5.2.6 Run 1B Luminosity Corre
tionIt was observed that the upsilon (�(1S);�(2S);�(3S)) produ
tion 
ross se
tion[42℄de
reased over the 
ourse of Run 1B. This was 
orroborated by a similar de
reasein the J= yield. Sin
e it was found that the tra
k re
onstru
tion eÆ
ien
y was
onstant throughout Run 1b, and no other dete
tor e�e
ts showed a similar de-
rease, a 
orre
tion fa
tor for the integrated luminosity was measured in the J= data set. The 
orre
tion was derived by plotting the J= yield as a fun
tion ofinstantaneous luminosity. The 
ross se
tion drops linearly with in
reasing instan-taneous luminosity. By �tting the de
rease with a line, a 
orre
tion for the J= yield was determined to be 12� 4%[43℄.5.2.7 Summary of the Re
onstru
tion EÆ
ien
iesThe re
onstru
tion eÆ
ien
ies are summarized in Table 5.2.7. For the B+ 
an-didates de
aying to parti
les 
ompletely 
ontained within the dete
tor a

eptan
e,the re
onstru
tion eÆ
ien
y is 36:8� 1:1%.
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Table 5.3. Summary of re
onstru
tion eÆ
ien
ies for the B+ meson. The eÆ
ien-
ies that are not 
ommon between 1A and 1B are 
ombined using an integratedluminosity weighted average. The error on ea
h eÆ
ien
y is absolute.Sour
e EÆ
ien
yRun1A (%) Run1B (%)CTC Tra
king (98:9� 1:5)3 (99:6� 0:9)3= 96:7� 2:6 = 98:8� 1:6CTC-� Linking (99:8� 0:2)2= 99:6� 0:3Muon Chamber (98:0� 1:0)2EÆ
ien
y = 96:0� 1:4� Mat
hing Cut 98:7� 1:0Z Vertex Cut 95:3� 1:05 93:7� 1:1L3 � Tra
king 93� 2 97� 2
t Cut 78:4� 0:5SVX Fra
tion 52:35� 0:55 56:33� 0:23Total 36:8� 1:1
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6. CROSS SECTION CALCULATION ANDMEASUREMENTUsing the J= data set and the sele
tion 
riteria des
ribed in Chapter 4, a B+data sample was produ
ed in whi
h the ineÆ
ien
ies were well understood andthe systemati
 un
ertainties were minimized. On
e the B+ 
andidates have beensele
ted and the re
onstru
tion eÆ
ien
ies and dete
tor a

eptan
e have been de-termined, the di�erential 
ross se
tion and the total 
ross se
tion 
an be 
al
ulated.This 
hapter presents the 
ross se
tion 
al
ulations and the results.6.1 Di�erential Cross Se
tionTo measure the B+ meson di�erential 
ross se
tion as a fun
tion of pT , theinvariant mass distribution is divided into four pT ranges: 6-9, 9-12, 12-15, and 15-25 GeV=
. Figure 6.1 shows the mass distribution for ea
h pT range. The numberof B+ 
andidates was determined using an unbinned maximum likelihood �t to aGaussian signal fun
tion plus linear ba
kground. The likelihood fun
tion used is:L = fsig + fba
k (6.1)where fsig = NsignalNtotalp2�s�i e� 12�Mi�Ms�i �2 (6.2)and fba
k = 1�NsignalNtotal m�Mi � w2 �+ 1w (6.3)
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Fig. 6.1. B+ 
andidate mass distribution for the four pT ranges. The overlayed
urve is for illustration only.



66The de�nitions of the parameters used in the likelihood fun
tion are as follows:
Nsignal = the number of signal eventsNtotal = the total number of signal + ba
kground eventsM = the �tted mass of the Gaussian signal distributionMi = the mass of the ith B+ 
andidate�i = the error on Mis = the mass error s
ale fa
tor for �im = slope of the ba
kgroundw = the mass range in whi
h the �t is performedThe 
al
ulated mass of ea
h B+ 
andidate, Mi, is obtained from a kinemati
�t of the two muon and kaon tra
ks. As dis
ussed in Se
tion 4.7, the three tra
ksare required to originate from the same point in spa
e and the dimuon invariantmass is 
onstrained to the world average J= mass. The resulting error of thekinemati
 �t of the invariant mass is �i and relies on the tra
k parameter 
ovarian
ematrix of ea
h tra
k. The parameter M is the B+ mass of the Gaussian signaldistribution returned by the �t of the total data sample. The mass error s
alefa
tor, s, is required to in
rease the error of the B+ mass sin
e the errors of thetra
k parameters are underestimated (see Se
tion 5.2.3).The mass region used in the �t is from 5.15 to 6.00 GeV=
2 where the extendedrange above the B+ mass is utilized to obtain a better estimation of the slope ofthe ba
kground. The region below 5.15 GeV=
2 is ex
luded to avoid overestimatingthe 
ombinatori
 ba
kground under the B+ peak sin
e some of the B+ ! J= K+
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andidates 
ould be in
ompletely re
onstru
ted B0 ! J= K�0 de
ays. The in-variant mass of these partially re
onstru
ted B0 mesons would lie about one pionmass (140 MeV=
2) below the B+ mass.The di�erential 
ross se
tion d�=dpT is 
al
ulated with the following equation:d�(B+)dpT = N iSignal=2�pT � L �Ai � � � B (6.4)where NSignal is the number of B+ mesons determined from the likelihood �t ofthe B+ 
andidate mass distribution in ea
h pT range. The fa
tor of 1/2 is in
ludedbe
ause both B+ (
ontains a b quark) and B� (
ontains a b quark) mesons aredete
ted, while the 
ross se
tion is quoted for only one spe
ies of b quark. Thewidth of the pT bin is �pT , A is the Monte Carlo a

eptan
e whi
h in
ludes thekinemati
 and trigger eÆ
ien
ies, and � is the additional re
onstru
tion eÆ
ien
ynot in
luded in the simulation (see Table 5.2.7). Due to the elimination of runs inwhi
h dete
tor hardware operations were marginal and the use of sele
t triggers,the Run 1B integrated luminosity utilized was (78.5 � 3.2) pb�1. The Run 1Aintegrated luminosity remained the same and therefore the total integrated lumi-nosity for Run 1 
ross se
tion 
al
ulation is (98.1 � 4.0) pb�1. The bran
hingratios [34℄ are B(B� ! J= K�) = (9:9� 1:0)� 10�4 (6.5)B(J= ! �+��) = (6:01� 0:19)� 10�2 (6.6)Table 6.1 lists the 
ross se
tion for ea
h pT bin. The error on the number ofevents in the \Events" 
olumn of Table 6.1 is statisti
al only. The three errorsquoted on the 
ross se
tion are statisti
al (stat), un
orrelated (sysu
), and fully
orrelated (sysf
), respe
tively.



68Table 6.1. B+ meson di�erential 
ross se
tion from the Run 1B data.hpT i Events A

eptan
e Cross Se
tionGeV=
 (%) (nb/GeV/
)7.34 160 � 23 1.70 � 0.01 816 � 118 (stat)� 29 (sysu
)� 107 (sysf
)10.35 114 � 17 4.44 � 0.01 221 � 32 (stat)� 8 (sysu
)� 29 (sysf
)13.36 62 � 13 6.93 � 0.02 76.7 � 15.7(stat)� 2.2(sysu
)� 10.0(sysf
)18.87 71 � 11 9.86 � 0.04 18.8 � 2.6(stat)� 0.5(sysu
)� 2.5(sysf
)6.2 Systemati
 Un
ertaintiesThe systemati
 errors have been divided into two 
lasses: un
orrelated un
er-tainties that 
hange from one pT bin to the next (sysu
), and the fully 
orrelatederrors that are independent of pT (sysf
). The variation of the Peterson parameter,the QCD renormalization s
ale, and the trigger eÆ
ien
y all 
hange the shape ofthe Monte Carlo pT (B+) spe
trum and thus 
ontribute to the un
orrelated sys-temati
 un
ertainty listed in Table 6.2. The QCD renormalization un
ertainty wasdetermined by varying mass of the b quark by �0:25 GeV=
2 and the renormaliza-tion s
ale, �0, from �0=2 to 2�0. The Peterson parameter and the trigger eÆ
ien
ysystemati
 un
ertainties were measured by varying their respe
tive parameters by�1�. The total un
orrelated systemati
 un
ertainty is the quadrature sum of thethree individual un
ertainties.Table 6.2 lists the se
ond 
lass of un
ertainties, the 
orrelated systemati
 errorsthat are independent of the B+ transverse momentum. The re
onstru
tion un
er-tainty is the fra
tional un
ertainty on the total re
onstru
tion eÆ
ien
y from thebottom line of Table 5.2.7. The luminosity systemati
 was taken from referen
e[44℄ while the bran
hing ratio un
ertainty 
omes from referen
e [34℄. The kaon



69de
ay-in-
ight was based on the results of a simulation that about 8% of the kaonsde
ay in 
ight and half were su

essfully re
onstru
ted[45℄. This assumes thatsu
h tra
ks are modeled realisti
ally in the simulation. Like the total un
orrelatederror for ea
h pT bin, ea
h un
ertainty 
ontribution is assumed to be independentof the others and the total 
orrelated un
ertainty is the quadrature sum of ea
h
omponent listed in Table 6.2.Table 6.2. Summary of B+ transverse momentum dependent (un
orrelated) sys-temati
 fra
tional un
ertainties.Sour
e Error in ea
h pT Bin7.2 10.3 13.3 18.2QCD renormalization un
ertainty 1.6% 1.5% 1.7% 1.5%Peterson parameter un
ertainty 0.7% 1.6% 1.0% 1.7%Trigger eÆ
ien
y un
ertainty 3.1% 2.7% 2.1% 1.7%Un
orrelated Total (sysu
) 3.6% 3.5% 2.9% 2.8%
6.3 ResultsFigure 6.2 shows the di�erential 
ross se
tion 
ompared with the next-to-leading order NDE QCD[1℄ 
al
ulation using the MRST stru
ture fun
tion set.The value of the B+ meson transverse momentum at whi
h to plot the four mea-sured 
ross se
tion points is des
ribed in Appendix B. The dashed lines indi
atethe 
hange in the theoreti
al predi
tions as the b quark mass is varied between4:5 and 5:0 GeV=
, the renormalization s
ale is varied between �0=2 and 2�0, andthe Peterson fragmentation parameter is varied between 0.004 and 0.008. Also



70Table 6.3. Summary of B+ transverse momentum independent (fully 
orrelated)systemati
 fra
tional un
ertainties.Sour
e ErrorRe
onstru
tion EÆ
ien
y �3:1%Luminosity un
ertainty �4:1%Bran
hing ratio un
ertainty �10:6%Kaon de
ay-in-
ight un
ertainty �4:0%Luminosity Corre
tion �4:0%Fully Correlated Total (sysf
) �13:1%in
luded in the theoreti
al variation is the 6.1% error on the measurement of the bquark fra
tion[46℄. The b quark fra
tion is the probability that a b quark hadronizesinto a B+ mesons. The solid 
urve is for the 
entral values of these parameters:mb = 4:75 GeV/
2, �0 = qm2b + p2T , �P = 0:006, and fu = 0:375. The mea-sured 
ross se
tion is higher than the theoreti
al 
al
ulations even when the freeparameters are varied to in
rease the predi
tions.The 
omparison between data and theory is a

omplished by plotting (Data-Theory)/Theory on a linear s
ale as shown in Figure 6.3. The level of agreementis determined by �tting a line through the four points yielding an average ratio of1:85� 0:15. The error on the s
ale fa
tor is the statisti
al error returned by the �tand is driven by the errors from the data points whi
h in
lude the statisti
al andthe un
orrelated systemati
 errors (see the previous se
tion). The �tted line tothe four points has a 
on�den
e level of 77% indi
ating ex
ellent shape agreementbetween the measured and theoreti
al di�erential 
ross se
tions. The ratio of dataover theory shows that the data is 2:87 � 0:23 times higher than the theoreti
al
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Fig. 6.2. B+ meson di�erential 
ross measurements 
ompared to the theoreti
alpredi
tion using the MRST stru
ture fun
tion set.



72predi
tions. The hat
hed band around the �t line is fully 
orrelated systemati
errors of 13.1%. Also shown on Figure 6.3 is the 
omparison of CTEQ5M[47℄stru
ture fun
tions to the MRST stru
ture fun
tions. The di�eren
e between thetwo stru
ture fun
tions is small 
ompared to the un
ertainty due to the variationof the renormalization s
ale, the b quark mass, and the Peterson parameter.To obtain the total 
ross se
tion, the last pT bin used in the di�erential 
rossse
tion 
al
ulation is repla
ed with a B+ 
andidate distribution whose transversemomentum range is > 15 GeV=
 and is shown in Figure 6.4. The total 
rossse
tion is determined from an equation similar to that used for the di�erential
ross se
tion: �(B+) =  4Xi=1 N isignal=2Ai ! � 1L � � � B (6.7)The �rst term (in parentheses) is the total number of events for pT (B+) > 6:0GeV=
 whi
h is the sum of the a

eptan
e 
orre
ted number of signal events foundin ea
h pT bin. The a

eptan
e measured for the pT range of > 15 GeV=
 is10:19� 0:04% and the measured total 
ross se
tion is�B(pT � 6:0GeV=
; jyj � 1:0) = 3:52� 0:38(stat + sysun)� 0:46(sysf
)�b: (6.8)where the se
ond error is the quadrature sum of the statisti
al and un
orrelatedsystemati
 un
ertainties.
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. This range repla
es the 15-25 GeV/
 momentum range so that thetotal B+ meson 
ross se
tion 
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al
ulated.
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7. CONCLUSIONSThe ex
lusive de
ay B+ ! J= K+ was used to measure the produ
tion 
rossse
tion of the B+ meson from 
olle
ted by the CDF dete
tor. A sample size of387� 32 events was obtained from R Ldt = (108.1 � 4.5) pb�1 of 1.8 TeV proton-antiproton 
ollisions produ
ed by the Fermilab Tevatron 
ollider.The measured total B+ produ
tion 
ross se
tion for pT (B+) � 6:0 GeV=
 andjyj � 1:0 is�B(pT � 6:0GeV=
; jyj � 1:0) = 3:52� 0:38(stat + sysun)� 0:46(sysf
)�b (7.1)where the �rst un
ertainty is the 
ombined statisti
al un
orrelated systemati
 un-
ertainties and the se
ond is the fully 
orrelated systemati
 un
ertainty. The dif-ferential 
ross se
tion is measured to be 2:87� 0:23 times (1:85� 0:15 for the ratioof (Data - Theory)/Theory) higher than the NLO QCD predi
tions with ex
ellentagreement in shape.
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76APPENDIX A: DIMUON TRIGGERSThe dimuon triggers that were used to 
onstru
t the data samples studied inthis analysis are listed below. The Level 2 trigger along with the prerequisite Level1 trigger are shown. Refer to Se
tion 4.2.2 for a des
ription of the Level 2 triggersand Se
tion 4.2.1 for the Level 1 triggers.A.1 Run 1A Dimuon TriggersOnly one dimuon trigger was utilized in this analysis for the data taken inRun 1A: TWO CMU ONE CFT. This trigger required two CMU Level 2 muon
lusters with one of the 
lusters required to mat
h a CFT tra
k. The Level 1prerequisite trigger is TWO CMU 3PT3. This trigger is dynami
ally pres
aled.A.2 Run 1B Dimuon TriggersFor Run 1B, three dimuon triggers were utilized.1. TWO CMU TWO CFT: Two CMU Level 2 muon 
lusters and two mat
h-ing CFT tra
ks were required. The Level 1 prerequisite trigger isTWO CMU3PT3. This trigger is not pres
aled, and the two muon 
lusters are requiredto be in non-
ontiguous modules. If one 
luster is in the +z region of theCDF Dete
tor and the other 
luster is in the �z region, then the two 
lustersare required to have di�erent � values.2. TWO CMU CMX TWO CFT: Either two CMU Level 2 or one CMU andone CMX Level 2 muon 
lusters are required with ea
h muon tra
k mat
hinga CFT tra
k. The prerequisite Level 1 trigger is TWO CMU 3PT3. Thetrigger is dynami
ally pres
aled.3. TWO CMU ONE CFT 6TOW: Two adja
ent CMU Level 2 muon stubs,whi
h together form a single 
luster that spans six or more 
alorimeter trigger



77towers, are ne
essary. The single 
luster is required to mat
h a CFT tra
k,and the Level 1 prerequisite trigger is TWO CMU 3PT3. The trigger isdynami
ally pres
aled and is intended to o�set losses due to the require-ment of non-
ontiguous modules imposed in the TWO CMU TWO CFTtrigger.



78APPENDIX B: MEAN pT DETERMINATIONTo obtain the values of pT (B) at whi
h the di�erential 
ross se
tion points areplotted, the integrated 
ross se
tion for ea
h pT range is �rst determined from thetheoreti
al predi
tion and then divided by the width of the tranxverse momentumbin. The resulting value is found on the 
entral theoreti
al 
urve and the 
orre-sponding pT is found. Table B.1 shows the transverse momentum point in ea
h pTrange.Table B.1. Mean B+ meson pT for the four transverse momentum ranges used todetermine the di�erential 
ross se
tion.pT Range (GeV=
) hpT i (GeV=
 )6 - 9 7.349 - 12 10.3512 - 15 13.3615 - 25 18.87



79APPENDIX C: CTC TRACK RECONSTRUCTION EFFICIENCYC.1 Introdu
tionAny ex
lusive 
ross se
tion analysis relying on the tra
king information sup-plied by the CTC requires knowledge of the tra
k re
onstru
tion eÆ
ien
y. Therehave been several studies in the past [48, 33, 49, 50℄ that have measured the re-
onstru
tion eÆ
ien
y using the te
hnique of tra
k embedding (a short summaryof ea
h measurement is lo
ated in the appendix). An improved study of the CTCtra
k re
onstru
tion eÆ
ien
y is presented.Monte Carlo tra
ks are embedded into data events and then identi�ed using a�2 mat
hing te
hnique, both des
ribed in detail below. The study done by An-dreas Warburton[33℄ in
orporated o

upan
y e�e
ts by using data-tuned wire-hiteÆ
ien
ies. We fo
us on \aging" of the CTC { the deterioration of the tra
kre
onstru
tion over the 
ourse of Run 1B that 
annot be attributed to instan-taneous luminosity e�e
ts. The CTC was thought to have shown some signs ofaging through the studies of [51, 52, 42℄. Greg Field, et al. and Paul Ngan, etal. have shown a loss in the J= yield even after 
orre
ting for the o

upan
ye�e
ts measured by Warburton. This study was an attempt to �nd the origin ofthe J= loss. The 
on
lusion is that there is no observable \aging" in the CTCtra
k re
onstru
tion and therefore 
annot be used to explain the loss of J= 's.C.2 Data SampleThe data sample for this study is 
omprised of � 42; 000 displa
ed J= 'ssele
ted from the Run 1B DST �les residing on tape. Using CTC or SVX (ifavailable) information, the J= 's were sele
ted using the 
uts shown in table C.1.Canoni
al CTC quality 
uts - two axial superlayers with four or more hits and twostereo superlayers with two or more hits - were imposed on the muons along with



80a 3:5 GeV/
 transverse momentum requirement on the J= . The proper de
aylength of the J= was required to be greater than 100 �m. CTVMFT was used to
onstrain the two muons to a 
ommon vertex. On
e sele
ted, the SVX informationwas ignored for the rest of the pro
edure.Table C.1. Data J= sele
tion requirements.
t � 100�m2 Axial layers with � 4hits2 Stereo layers with � 2 hitsProb(�2) � 0:012:9 �M�+�� � 3:3 GeV/
2pT (M�+��) � 3:5 GeV/
The data sample 
omes mainly from runs at the beginning and the end of Run1B. Figures C.1 and C.2 show the instantaneous luminosity pro�le of the eventsample and the Run 1B data set, respe
tively, while �gures C.3 and C.4 
omparethe 
lass-12 primary vertex distributions of ea
h.C.3 Tra
k Embedding Pro
edureThe embedded tra
ks are generated by de
aying Monte Carlo B� mesons withQQ[53℄ via the mode B+ ! J= K+. The di�eren
e in dire
tion between theMonte Carlo J= and the data J= is used to 
reate a rotation matrix for thekaon tra
k to preserve the orientation of the simulated K� with respe
t to thedata J= (see Appendix D. After the kaon tra
k is rotated, the helix parametersare 
al
ulated and used as input to CTADDH[54℄. The 
urvature (
), azimuth
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83(�0), and polar angle (
ot�) helix parameters of the tra
ks to be embedded arederived from the 3-momentum and 
harge information of the simulated kaon tra
k.Additional information from the data J= de
ay vertex is used to 
al
ulate theimpa
t parameter (d0) and the longitudinal displa
ement (z0). The exit radius ofthe tra
k is 
al
ulated and required to be greater than 130.0 
m before the tra
k
an be embedded. On
e the tra
k parameters are known, they are stored for lateruse, and the routines CTADDH and CVADDH are used to embed the hits intothe CTC data banks.C.3.1 Run and Pseudo-Rapidity Dependen
eCTADDH, by default, embeds tra
ks with 100% wire-hit eÆ
ien
ies for ea
hof the 84 wire layers. It has been shown [51℄ that the average number of used hitsper super layer in the tra
k �t de
reases as a fun
tion of instantaneous luminosity.To in
lude this e�e
t in the re
onstru
tion eÆ
ien
y, Andreas Warburton [33℄iteratively adjusted the wire-hit eÆ
ien
ies in the subroutine CTADDH.CDFuntil the mean number of hits per superlayer used in the embedded-tra
k �tsmat
hed those measured in data [51℄. This was done for both axial and stereosuperlayers. The inner superlayers of the CTC had the biggest redu
tion in thewire-hit eÆ
ien
y.On
e the number of used hits per super layer for data and embedded tra
ks
onverged, the re
onstru
tion eÆ
ien
y was studied as a fun
tion of several ob-servables su
h as the transverse momentum, the exit radius, the instantaneousluminosity, and the number of 
lass 12 verti
es. Even though the redu
ed wire-hiteÆ
ien
ies were not given a run dependen
e (i.e. 
onstant with respe
t to the runnumber), the two-tra
k re
onstru
tion eÆ
ien
y was shown to de
rease with runnumber when all primary vertex multipli
ities were 
onsidered. Restri
ting the



84eÆ
ien
y to the events with only one Class-12 primary vertex, the de
rease waseliminated 
on
luding that the most deleterious e�e
t on the pattern re
ognitionis the one of o

upan
y. The run dependen
e is a re
e
tion of the fa
t the higherinstantaneous luminosity events o

urred toward the end of the run while the lowerinstantaneous luminosity events were at the beginning of the run.A variation on the above pro
edure was devised to quantify how mu
h of there
onstru
tion eÆ
ien
y degradation 
an be attributed to aging as opposed too

upan
y e�e
ts. Therefore, the wire-hit eÆ
ien
ies were tuned to yield the samemean number of used hits for the re
onstru
ted muon tra
ks 
oming from J= !�+�� de
ays as a fun
tion of run number and pseudo-rapidity �. The data usedfor tuning the wire-hit eÆ
ien
ies were the muon legs of the side-band subtra
tedJ= 's. Events with only one 
lass-12 primary vertex were used to ensure thatthe redu
ed wire-hit eÆ
ien
ies would re
e
t the aging of the 
hamber and notinstantaneous luminosity e�e
ts.We divide Run 1B into the same 11 run bins used in the trigger eÆ
ien
ymodule DIMUTG [38℄. Figures C.5 and C.6 show the average number of usedhits as a fun
tion of run number for muon tra
ks in data. Figures C.7 and C.8 showthe average number used hits for both axial and stereo layers for the embeddedtra
ks after iteratively adjusting the wire-hit eÆ
ien
ies in CTADDH.The used-hit dependen
e on �, tuned simultaneously with the run dependen
e,is parameterized as a parabola. Figures C.9 and C.10 show the used hit pro�les ofthe axial superlayers for early and late run bins, respe
tively. The most prominentfeature in the �gures is the de
rease in the number of used hits at low �, spe
i�
allyin super layers 0 and 2. The dip at low � is a result of less 
harge deposited in theCTC resulting in fewer hits with pulse height over threshold for the tra
k �t. Likethe used hit run dependent plots, these were 
reated using side-band subtra
ted
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87muon data and restri
ting the events to those 
ontaining only one primary vertex.Figures C.11 and C.10 show the used hits for the embedded tra
ks as a fun
tionof � for early and late runs. Run bin 2, with about 7 pb�1 of data, represents therange 58324 to 60881 and run bin 10, approximately 11 pb�1, en
ompasses runs69095 to 70150. Comparing �gures C.9 and C.10 with the �gures C.11 and C.10show a good agreement of tuned wire-hit eÆ
ien
ies. Figures C.13, C.14, C.15 andC.16 show similar agreement in the stereo layers.
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e of the used hits in the axial layers of theCTC for muon data. Run bin 2 is the run range 58324 to 60881.
C.3.2 \Found" Tra
k De�nitionUsing the same method as [33℄ whi
h is des
ribed in [34℄, a mat
hing �2 was
al
ulated using the embedded (�) and re
onstru
ted (b�) helix parameters of atra
k with the expression
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ks. Run bin 10 is the range 69095 to 70150.�2 = (�� b�)T dV �1(�� b�); (C.1)where bV is the 5� 5 
ovarian
e matrix of the re
onstru
ted tra
k. For ea
h tra
kin the re
onstru
ted event, the �2 was formed and the tra
k with the smallest �2was retained for 
onsideration as the \found" tra
k. Figure C.17 shows plots of themat
hing �2 distributions for positive and negative embedded kaons. The distri-butions are �t to a �2 probability density fun
tion plus an exponential ba
kground[50℄:P (�2) = P1P2  �2P2!P32 �1 exp �0:5 �2P2!!+ P4� P5 exp ��P5�2� (C.2)Fixing the number of degrees of freedom (P3) to 5.0 (the error of 1.414 is anartifa
t of PAW 
aused when the parameter is �xed), the �t yields a s
ale fa
tor(P2) of 1.6.Contrary to past studies, we have not s
aled the 
ovarian
e matrix by a fa
torof 2.0. Referen
e [50℄ used a s
ale fa
tor of � 1:3 for all parameters ex
ept for the
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hing �2 distributions (histograms) for embedded K+(top) and K� (bottom). The �tting fun
tion (
urve) is de�ned in Equation. C.2.
urvature, whi
h was s
aled a

ording to a parameterization of tra
k pT . EquationC.2 was used as the �tting fun
tion to 
he
k that the distributions were 
onsistentwith �ve degrees of freedom and a s
ale fa
tor of 1.0. Referen
e [33℄ used a globals
ale fa
tor of 1.5 a
hieving a �t 
onsistent with �ve degrees of freedom and a s
alefa
tor of 1.0. Monte Carlo tra
ks are not expe
ted to need a s
ale fa
tor for the
ovarian
e matrix. However, the �t to the distributions shown in �gure C.17 showthat a s
ale fa
tor of � 1:6 is required. We 
annot explain the need of a s
alefa
tor for Monte Carlo tra
ks.A global s
ale fa
tor for the re
onstru
ted 
ovarian
e matrix is inadequateas indi
ated by the tra
k parameter pull distributions shown in �gures C.18 andC.19. Sin
e the pull distributions have di�erent widths, a s
ale fa
tor for ea
h tra
kparameter would be more appropriate. These distributions 
ontain the informationfrom the embedded tra
ks for early and late runs as well as for all pT .



93A summary of the tra
k parameter pull distributions widths and means areshown in Tables C.2 and C.3, respe
tively. The row labeled \Early" represents runnumbers less than 62000, while \Late" refers to run numbers greater than 67000.\Low pT ", \Mid pT ", and \High pT " refer to tra
k parameter pulls made with thetransverse momentum of the embedded tra
k in the 0.4 � pT � 1.0 GeV/
 range,the 1.0 � pT � 2.0 GeV/
 range, or the pT >2.0 GeV/
 range. Ea
h distributionwas �t with a Gaussian fun
tion.As 
an be seen in Table C.2, there is no 
hange between the early and late runsin the widths of the r-� tra
k parameter pulls. The r-z parameters do 
hange -getting larger as Run 1B progressed. The widths of all �ve parameters did varyover the three di�erent pT bins.Table C.2. Summary of the widths of the tra
k parameter pulls. The format ofea
h entry is (positive tra
k)/(negative tra
k).Parameter Pull Widths
 d0 �0 
ot � z0Average 1.60/1.60 1.35/1.33 1.21/1.20 1.42/1.38 1.47/1.42Early 1.66/1.68 1.43/1.41 1.25/1.24 1.34/1.30 1.43/1.39Late 1.66/1.68 1.43/1.41 1.25/1.24 1.47/1.41 1.58/1.49Low pT 1.68/1.67 1.05/1.09 1.03/1.06 1.01/0.84 1.64/1.47Mid pT 1.74/1.76 1.21/1.19 1.07/1.07 1.33/1.20 1.53/1.41High pT 1.59/1.60 1.43/1.41 1.27/1.25 1.43/1.39 1.47/1.43The one relenting empiri
al fa
t is that for a suÆ
iently high minimum mat
h-ing �2, the eÆ
ien
ies are relatively insensitive to the 
ovarian
e s
ale fa
tors.
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Table C.3. Summary of the means of the tra
k parameter pulls. The format ofea
h entry is (positive tra
k)/(negative tra
k).Parameter Pull Mean
 d0 �0 
ot � z0Average -0.08/0.25 -0.14/0.27 0.13/-0.24 -0.09/0.03 0.11/-0.05Early -0.05/0.26 -0.13/0.29 0.12/-0.25 -0.07/0.05 0.10/-0.06Late -0.12/0.25 -0.16/0.26 0.13/-0.25 -0.12/0.01 0.11/-0.03Low pT -0.65/0.62 -0.18/0.35 0.10/-0.20 -0.20/0.12 0.31/-0.31Mid pT -0.21/0.45 -0.14/0.35 0.10/-0.24 -0.14/0.07 0.18/-0.11High pT -0.28/0.20 -0.13/0.26 0.13/-0.25 -0.07/0.02 0.09/-0.03
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al parameters. Pa-rameters P1 through P3 are the Gaussian fun
tion parameters (normalization,mean and width).
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al parameters. Param-eters P1 through P3 are the Gaussian fun
tion parameters (normalization, meanand width).This 
an be seen by looking at plots of the minimum mat
hing �2 vs the next-to-minimum mat
hing �2 whi
h is shown in �gure C.20. Therefore, using pre
eden
e[33℄, a tra
k is designated as found if its mat
hing �2 is less than 500:�2 < 500: (C.3)Figure C.20 shows that the 
ut at 500 is eÆ
ient at separating found tra
ksand any other tra
k in the event. In the 
ase where no tra
k passed the 
ut, theminimum mat
hing �2 was, in general, mu
h larger than 500. Figure C.21 showsthe pT dependen
e of the minimummat
hing �2 of the re
onstru
ted tra
ks. Thereis no observable pT dependen
e.C.4 EÆ
ien
iesThe tra
k re
onstru
tion eÆ
ien
y is de�ned as the number of found tra
ks,�2min < 500, divided by the total number of embedded tra
ks. Sin
e the generated
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98tra
k was required to have an exit radius of 130 
m before it 
ould be embedded,the following eÆ
ien
ies did not have an exit radius 
ut on the re
onstru
tedtra
ks. \Early" refers to runs below 62000 while \late" pertains to runs 67000 andabove. The eÆ
ien
ies were made for early and late runs to study the e�e
t ofa time dependent tra
king degradation and the instantaneous luminosity e�e
tshave been removed by using the wire-hit eÆ
ien
ies des
ribed in se
tion C.3.C.4.1 pT Dependen
eThe pT dependen
e of the eÆ
ien
y plotted for early and late runs is shownin �gure C.22. There is a slight di�eren
e in eÆ
ien
y between the early and lateruns for pT < 0:75 GeV=
. No run dependent di�eren
es were observed for tra
kswith a transverse momentum ex
eeding 0.8 GeV=
. The errors shown are statisti
alonly. Figure C.23 
ombines the early and late run samples and is then �t usingEquation C.4 � = P1 � Freq(x� P2P3 ) � Freq(x� P4P5 ) (C.4)where Freq is the frequen
y fun
tionFreq(x) = 1p2� Z x�1 exp(t22 )dt; (C.5)P1 is plateau eÆ
ien
y at in�nite pT, and P2 through P5 are parameters de�ningthe two onset fun
tions. The �t results in a plateau re
onstru
tion eÆ
ien
y of99.6�0.9% per tra
k.C.4.2 Primary Vertex Dependen
eThree pT bins have been used to examine the dependen
e of the tra
king eÆ-
ien
y as a fun
tion of the number of 
lass 12 primary verti
es. The bins are listedbelow.
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1011. 0:4 � pT � 1:0 GeV=
2. 1:0 � pT � 2:0 GeV=
3. pT > 2:0 GeV=
We show no statisti
al di�eren
e in the tra
king eÆ
ien
y, see �gure C.24, betweenearly and late runs for events with �ve or fewer primary verti
es in the low mo-mentum bin. Figures C.25 and C.26 show the tra
king eÆ
ien
y for the mid andhigh momentum bins. The tra
k re
onstru
tion eÆ
ien
y for tra
ks with pT > 1.0GeV=
 falls at very high CTC o

upan
y, but the behavior is 
onsistent throughoutthe 
ourse of Run 1B showing that there is no observed e�e
t asso
iated with wireaging. It should be noted that, while this indi
ates that the ability to re
onstru
ta tra
k does not de
rease rapidly as the individual hit eÆ
ien
ies de
rease, thequality of the �t 
an be expe
ted to degrade as hits are lost, whi
h should be, inprin
ipal, re
e
ted in the tra
k 
ovarian
e matrix.C.4.3 Run Dependen
eThe run dependen
e of the re
onstru
tion eÆ
ien
y is shown in �gure C.27 forthe low pT bin with an observable drop of less than 5%. The mid and high pT binsare shown in Figures C.28 and C.29. We observe only a slight loss of eÆ
ien
y overthe 
ourse of Run 1B. Figures C.30, C.31, and C.32 show the same plots withoutthe restri
tion of four or fewer primary verti
es. Figures C.28 through C.32 showthat o

upan
y and time do not a�e
t the tra
k re
onstru
tion eÆ
ien
y for tra
kswith pT > 1:0 GeV=
. Comparing �gures C.27 and C.30 reveals that in
reased eventmultipli
ity does degrade the tra
k re
onstru
tion eÆ
ien
y for low pT tra
ks.
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Tracking Eff vs Num. of PV
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king eÆ
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y vs number of 
lass 12 primary verti
es for the lowpT momentum bin.
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Tracking Eff vs Num. of PV
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Tracking Eff vs Num. of PV
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Efficiency vs Run
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Efficiency vs Run
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Efficiency vs Run
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Efficiency vs Run - Low pT
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Efficiency vs Run - Mid pT
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Efficiency vs Run - High pT
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111C.5 Re
onstru
tion EÆ
ien
y Con
lusionsWe have studied the CTC tra
king eÆ
ien
y by embedding kaons into a sampleof displa
ed J= 's taken from the beginning and the end of the run. Usingthe muons from the J= de
ay in the data we have measured the CTC wire-hit eÆ
ien
ies per super layer for events with one 
lass-12 primary vertex as afun
tion of run number and dete
tor � of the tra
k. We parameterized the wire-hit eÆ
ien
ies and in
orporated them into the embedding pro
edure.We �nd that for tra
ks with pT < 1:0 GeV=
 there is up to a 10% loss in tra
kre
onstru
tion eÆ
ien
y at the end of run 1B relative to the beginning. Therefore,the re
onstru
tion for low momentum tra
ks is degrading over the 
ourse of therun or the instantaneous luminosity e�e
ts have not been 
ompletely taken outimplying that low pT tra
ks are more sensitive to o

upan
y e�e
ts. For tra
ks witha transverse momentum above 1.0 GeV=
, the tra
k re
onstru
tion eÆ
ien
y doesnot 
hange throughout run 1B. Unfortunately, this does not explain the observedloss in the J= yield sin
e the muons 
oming from the de
ay will have a transversemomentum of 2.0 GeV=
 or greater.



112APPENDIX D: KAON MOMENTUM FOR TRACK EMBEDDINGIn order to embed a Monte Carlo generated kaon tra
k so that the B+ massis preserved when 
ombining it with a J= 
andidate, the transverse momentumand the angle with respe
t to the J= must �xed to the appropriate values. Giventhe angle, �, between the J= and the kaon, the transverse momentum 
an be
al
ulated. This se
tion outlines the derivatoin the kaon momentum required toobtain a B+ meson mass when added to the four momenta of the J= .

B

K

Ψ
α

y

x

Fig. D.1. Typi
al B+ meson de
ay.Starting with the invariant mass of the B meson:m2B = E2B � p2B (D.1)EB = E	 + EK = E	 +qm2K + p2K (D.2)Conservation of momentum givespBx = p	 + pK 
os� (D.3)and
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pBy = pK sin�: (D.4)Combining Equations (D.1) through (D.4) and keeping terms 
ontaining pK onthe right hand side of the equation yieldsm2B � E2	 �m2K + p2	2 = E	qm2K + p2K � p	pK 
os� (D.5)Introdu
ing the following shorthand notation, letA � m2B � E2	 �m2K + p2	2 (D.6)) A = E	qm2K + p2K � p	pK 
os� (D.7)and B � Ap	 
os�E2	 � p2	 
os2 � (D.8)then A2 � E2	m2KE2	 � p2	 
os2 � = p2K � 2BpK (D.9)Completing the square on the right hand side:A2 � E2	m2KE2	 � p2	 
os2 � = (pK � B)2 � B2 (D.10)Solving for pK yields:pK = vuut A2 � E2	m2KE2	 � p2	 
os2 � +B2 +B (D.11)The resulting momentum preserves the angle between the J= and the kaonallowing re
onstru
tion of the B+ mass.
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