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Chapter 1
Introdu
tion
1.1 Preliminary CommentsMixing is a 
ommon physi
al phenomenon 
hara
teristi
 of two-state quantum me-
hani
al systems in whi
h the physi
al states of interest do not diagonalize the Hamil-tonian. In this 
ase, the interesting states are superpositions of the eigenstates of thesystem and are not themselves stationary. The time evolution of these \mixed" statesis os
illatory, with an os
illation frequen
y that depends on the Hamiltonian. Thisos
illatory behavior is 
alled mixing. By measuring the os
illation frequen
y we 
anprobe some fundamental properties of the system.The B0 and �B0 mesons are strong intera
tion eigenstates but they are not weakintera
tion eigenstates and undergo 
avor1 os
illations: B0 ! �B0 and �B0 ! B0. Wepresent a measurement of the mixing frequen
y, �md, for these 
avor os
illations inthis thesis. By measuring �md we 
an learn about one of the elements of the Cabibbo-Kobayashi-Maskawa [1, 2℄ quark mixing matrix in the Standard Model Lagrangian.The role this matrix plays in the phenomenology of weak intera
tions will be dis
ussedin the next few se
tions. By measuring the elements of this matrix we 
an learn about1It is 
onventional to refer to 
avor in two distin
t ways whi
h should be 
lear from 
ontext. Twoquarks have di�erent 
avors if they are distinguishable a

ording to the six quark 
avors: up, down,
harm, strangeness, topness and bottomness. Two B mesons are said to have di�erent 
avors if the
harges of their b quarks di�er. 15



mu
h interesting physi
s, in
luding the violation of the 
harge-parity (CP) symmetryin weak intera
tions and the physi
s beyond the standard model.In addition to the measurement of an important parameter in the Standard Model,this thesis is also of experimental interest sin
e new te
hniques have been developedthat are useful for the study of physi
s asso
iated with B mesons in the noisy envi-ronment of in
lusive data from �pp intera
tions.1.2 MesonMixing: A Two-State Quantum SystemIn the absen
e of the weak intera
tions, the B0 and �B0 states ( �b and  b) wouldbe degenerate eigenstates of the Hamiltonian, whi
h would 
onsist of strong andele
tromagneti
 terms. The weak Hamiltonian is not diagonal in the B0- �B0 basis andallows transitions between the two states. Ignoring the 
ontinuum states into whi
hthe B mesons will de
ay 2, the S
hroedinger equation for this two-state system 
anbe written in the B0- �B0 basis as:i ddt = ( �M � i2 ��) ; (1.1)where �M = 264 m m12m�12 m 375 (1.2)is the mass matrix, �� = 264 � �12��12 � 375 (1.3)is the de
ay matrix, and  is a two-state ve
tor. We 
all  1 and  2 the states thatdiagonalize �M � i2 ��: ( �M � i2 ��) 1 = E1 1 (1.4)( �M � i2 ��) 2 = E2 2: (1.5)2This is the Wigner-Weisskopf [3℄ approximation developed in the 
ontext of line-width analysisof atomi
 spe
tra. 16



We 
an diagonalize �M � i2 �� to �nd the eigenstates: 1 = p b + q �bqjpj2 + jqj2 (1.6) 2 = q b � p �bqjpj2 + jqj2 (1.7)p = m12 � i2�12 (1.8)q = s(m12 � i2�12)(m�12 � i2��12) (1.9)(1.10)and the eigenvalues:E1 = m� i2��s(m12 � i2�12)(m�12 � i2��12) (1.11)E2 = m� i2� +s(m12 � i2�12)(m�12 � i2��12): (1.12)Note that E2 � E1 = �md + i2��; (1.13)where we have made the de�nitions12(�md + i2��) = s(m12 � i2�12)(m�12 � i2��12): (1.14)A state,  , whi
h has de�nite 
avor initially,  (t = 0) =  b, will evolve in time asfollows: (t) = e�i(M� i2�)t (0) = e�i(M� i2�)t(p 1 + q 2)qjpj2 + jqj2 = pe�iE1t 1 + qe�iE2t 2qjpj2 + jqj2 : (1.15)From this we 
an 
ompute the probability of �nding a �B0 meson at time t given theparti
le started as a �B0 initially:jh bj (t)ij2 = j�pj4e�(����2 )t + j�qj4e�(�+��2 )t + 2j�pj2j�qj2e��t 
os �mdt; (1.16)where we have de�ned �p = pqjpj2 + jqj2 (1.17)�q = qqjpj2 + jqj2 : (1.18)17



Note that ���pq ��� = 1 and thus j�pj = j�qj = 1=2. We ignored the states into whi
h theB would de
ay, and therefore the probability of �nding a B meson is not 
onserved,though it is ne
essary to normalize the distribution so that the parti
le de
ays at sometime. Furthermore, ��� for the Bd system is small [4℄. The probability of �nding a�B0 meson at time t given the parti
le started as a �B0 initially 
an be written asjh bj (t)ij2 = �2 e��t(1 + 
os �mdt) (1.19)and the probability of �nding a B0 meson at time t given the parti
le started as a �B0initially is jh �bj (t)ij2 = �2 e��t(1� 
os �mdt): (1.20)We 
an see in Equation 1.20 that the probability that a �B0 meson de
ays with theopposite 
avor from when the parti
le was produ
ed os
illates with the frequen
y�md. The probability of �nding a B meson of either 
avor de
ay at some time isproperly normalized to one:Z dt(�2 e��t(1� 
os �mdt) + �2 e��t(1 + 
os �mdt)) = Z dt�e��t = 1: (1.21)1.3 Quark Mixing and �md in the Standard ModelSo far the dis
ussion has been quite general. We have assumed that B0 ! �B0 and�B0 ! B0 transitions are allowed by the weak intera
tions in the Standard Model,but we have not shown how this mixing is in
orporated into the model and thushow �md is related to parameters in the Standard Model Lagrangian. The origin ofmixing in the Standard Model is the fa
t that the quark mass eigenstates (u,
,t,d,s,b)are not the same as the weak quark eigenstates (u0,
0,t0,d0,s0,b0). Regardless of theorigin of the quark masses, this is the 
ase. In the Standard Model the quark-Higgsintera
tions generate the quark masses. It appears that the quark states that 
oupleto the Higgs are not the weak eigenstates, be
ause the mass matrix in the weak basisis not diagonal. The quark mass eigenstates and the weak eigenstates are related by
18



unitary transformations: 0BBBBB� u
t 1CCCCCA = Uup0BBBBB� u0
0t0 1CCCCCA (1.22)0BBBBB� dsb 1CCCCCA = Udown0BBBBB� d0s0b0 1CCCCCA : (1.23)We will use these unitary matri
es to write the 
harged-
urrent term in the weakLagrangian of the Standard Model in terms of the quark mass eigenstates. In theweak eigenstate basis we haveL

 = gp2W �( �u0; �
0; �t0)
�(1� 
5)0BBBBB� d0s0b0 1CCCCCA+ 
:
: (1.24)where g is a 
oupling 
onstant and W � is the W boson �eld. By 
ombining Equations1.22, 1.23, and 1.24 we getL

 = gp2W �(�u; �
; �t)
�(1� 
5)Uup(Udown)y0BBBBB� dsb 1CCCCCA+ 
:
: (1.25)The matrix V = Uup(Udown)y is 
alled the CKM quark mixing matrix. The elementsof the CKM matrix are expli
itly given by:V = 0BBBBB� Vud Vus VubV
d V
s V
bVtd Vts Vtb
1CCCCCA : (1.26)It is 
onventional to think of the CKM matrix as only a
ting on the down-type quarksin Equation 1.25.If the CKM matrix were diagonal the weak and mass eigenstates for the quarkswould be the same. In this 
ase, every quark would ex
hange W bosons with exa
tlyone other quark. For example the top quark would alway de
ay into a W and a b19



quark and the bottom quark would be stable. O�-diagonal elements of the CKMmatrix allow for inter-generational 
ouplings and thus B0 
avor os
illations. Thelowest order Feynman diagrams through whi
h B0 mixing o

urs is shown in Figure1-1. We 
an see the 
ontributions of the CKM matrix elements to these diagrams.
�

u; c; tu; c; tW+ W�Vtd
V �td V �tb
Vtbb d

bd �u; c; t u; c; tW�
W+

Vtd
V �td
Vtb

V �tb
b d

bdFigure 1-1: The Feynman diagrams for B0� �B0 mixing. The top quark 
on-tribution dominates be
ause the pro
ess has a quadrati
 dependen
e on thequark mass and therefore the Vtd and Vtb CKM matrix elements determinethe mixing frequen
y.The value of �md 
an be related to the elements of the CKM matrix by expli
itly
omputing the amplitude for mixing from the Feynman diagrams shown in 1-1:�md = G2F6�2mBm2tF  m2tm2W ! �QCDBBdf 2Bd jV �tbVtdj2; (1.27)where GF is the Fermi 
onstant, mB is the mass of the B meson, mt is the mass of thetop quark, F is the Inami-Lim fun
tion [5℄, �QCD is a perturbative QCD fa
tor, BBdis the non-perturbative bag fa
tor, and fBd is the B meson de
ay 
onstant. Equation1.27 
an be inverted to determine jVtdV �tbj in terms of �md with the un
ertaintydominated by the theoreti
al determination of BBd and fBd. It should be noted thatthe theoreti
al un
ertainties mostly 
an
el for the ratio of mixing frequen
ies for theBd3 and the Bs [6℄: 4 �ms�md = (1:14� 0:08) ����VtsVtd ����2 (1.28)3When it is not 
lear from 
ontext what the 
avor of the non-b quark in the B meson is weindi
ate it in a subs
ript.4None of the formalism has relied on the properties of the non-b quark (
alled the spe
tatorquark) and we therefore expe
t the Bs to exhibit 
avor os
illations as well. The determination ofthe Bs mixing frequen
y is an important open problem in experimental physi
s.20



1.4 The Histori
al Development Leading to theCKM MatrixWe have presented a des
ription of B meson 
avor os
illations in the 
ontext ofquark mixing in the Standard Model. Here we pla
e the notion of quark mixing in ahistori
al 
ontext.A lepton will only ex
hange a W boson with the other member of its generation.For example, the e� ! W��e transition will o

ur but the e� ! W��� will not,as was �rst observed at the AGS experiment [7℄ at Brookhaven. This leads to theexisten
e of the 
onservation of ele
tron, muon, and tau lepton number. The numberof parti
les of a lepton generation minus the number of anti-parti
les of the gener-ation is always the same before and after a parti
le intera
tion. If quarks also onlyintera
ted within their generations there would be similar 
onservation laws applyingto them. Su
h a 
onservation law, however, is observed to be violated, for examplein the strangeness-
hanging de
ays of the kaon.In 1963 (one year before quarks would be proposed in the 
lassi
 papers by Gell-Mann [8℄ and Zweig [9℄ and �ve years before the substru
ture of the proton wasdis
overed in the 
lassi
 MIT-SLAC experiments [10℄) the weak hadroni
 
urrentswere split into two pie
es, a �S = 0 pie
e 
orresponding to de
ays su
h as n ! pe�and a �S = 1 pie
e 
orresponding to de
ays su
h as K ! ��. Cabibbo [1℄ proposeda rotation between the �S = 0 
urrent and the �S = 1 
urrent, by an angle �
.A

ording to Cabibbo (rephrased by Gell-Man in terms of the quark model), the uquark 
oupled not to the d, but rather to the superposition d 
os �
 + s sin �
. In thisway, the s ! Wu transition 
ould o

ur. The de
ay rates of strange hadrons 
ouldnow be expressed in terms of sin �
. Unfortunately, this model did not always predi
tthe de
ay rates for strange mesons very a

urately. In parti
ular, the K0 ! �+��de
ay rate is substantially overestimated. Figure 1-2 shows the Feynman diagramthat 
ontributed to this de
ay in the Cabibbo model.In 1970, Glashow, Iliopoulos, and Maiani [11℄ predi
ted the existen
e of a fourthquark, the 
harm quark, in order to resolve this problem. They proposed a \mixing21



�u ��W�
W+

cos �c
sin �c

d
�s

��
�+Figure 1-2: The only �rst order Feynman diagram for K0 ! �+�� prior tothe GIM me
hanism.matrix" that would rotate the d; s basis into the d0; s0 basis whi
h 
oupled to the uand 
: 0B� d0s0 1CA = 0B� 
os �
 sin �
� sin �
 sin �
 1CA0B� ds 1CA : (1.29)By doing this, they introdu
ed a se
ond diagram for the K0 ! �+�� de
ay, shown inFigure 1-3. If the 
harm and up quarks had the exa
t same mass, these two diagrams

�c ��W�
W+

� sin �c
cos �c

d
�s

��
�+Figure 1-3: This diagram enters with a minus sign relative to the K0 !�+�� diagram shown in Figure 1-2. If the 
harm and up quarks had thesame mass, the two diagrams would 
an
el entirely.would 
an
el perfe
tly. Sin
e their masses are not exa
tly the same, the new diagramsuppressed the de
ay so that the predi
ted rate is 
onsistent with experiments. This22



is known as the GIM me
hanism.In 1973, one year before 
harmonium would be dis
overed, Kobayashi and Maskawa[2℄ added a third generation (the top and bottom quarks) to the model and gener-alized the GIM mixing matrix to be the most general unitary transformation fromthe 
avor states of the down-type quarks to the weak intera
tion states of down-typequarks. This is the CKM matrix shown in Equation 1.26. They were motivated bythe fa
t that a violation of the CP symmetry had been observed in 1964, by Croninand Fit
h, in the de
ays of the K0 meson [12℄. With three generations, Kobayashiand Maskawa 
ould in
orporate CP violation through the mixing matrix while withonly two generations they 
ould not, as will be dis
ussed in the next se
tion. Thebottom quark was dis
overed in 1977 [13℄ and the top quark was dis
overed in 1995[14℄, both at Fermilab.1.5 The CKM MatrixThe independent elements of the CKM matrix are parameters in the Standard Modelthat 
an only be determined by experiments. CP violation 
an be introdu
ed tothe Standard Model through the CKM matrix if the matrix has a 
omplex phase.Physi
s beyond the Standard Model may also be
ome evident upon experimentallydetermining the properties of the CKM matrix.CP ViolationThe de
ay rates of the B and �B mesons into CP 
onjugate �nal states, B ! f and�B ! �f , may be di�erent if CP is violated. Suppose there are two paths by whi
h theinitial states 
an rea
h the �nal states. The total amplitude for the pro
ess B ! fis given by A + Beidei
 where the two amplitudes for the two paths are given by Aand BeiÆei
 , and Æ is a CP 
onserving (strong) phase while 
 is a CP violating phase.The amplitude for �B ! f is therefore A+BeiÆe�i
 . The de
ay rates are then just�B � jA+BeiÆei
 j2 (1.30)23



� �B � jA+BeiÆe�i
 j2: (1.31)(1.32)The di�eren
e in de
ay rates is thus given by�B � � �B � [
os(Æ + 
)� 
os(Æ � 
)℄: (1.33)If both Æ and 
 are non-zero, the rates are di�erent. The CP violating phase 
 
anarise when the Lagrangian is 
omplex. Violations of the CP symmetry have beenmeasured in the kaon system. There is 
onsiderable e�ort underway to observe thissymmetry violation in the B meson system and to determine if the CKM matrix willprovide an explanation for this la
k of symmetry. Te
hniques developed in this thesismay well prove useful in measuring CP violation in the B system.Kobayashi and Maskawa re
ognized that the most generi
 3 � 3 quark mixingmatrix would be real for one or two generations of quarks, but with three or moregenerations of quarks, 
omplex phases 
ould be introdu
ed to the matrix. Theyargued as follows. In general, for n generations of quarks, we would have an n � nmixing matrix. Any n � n 
omplex matrix has 2n2 parameters. Unitarity providesn(n�1)=2 
omplex 
onstraints and n real 
onstraints. This leaves n2 = 2n2�2(n(n�1)=2)� n independent parameters. Of these n2 parameters, we 
an eliminate 2n� 1by rede�ning the 2n�1 independent quark phases. Therefore we are left with (n�1)2free parameters to be measured in an n � n mixing matrix. For n = 3, we have 4independent parameters. Any 3� 3 orthogonal matrix 
an be 
onstru
ted from threeindependent parameters (usually taken to be the three Euler Angles). If all fourparameters are non-zero, the matrix must be 
omplex. This in
lusion of a 
omplexphase is needed for the des
ription of the CP violation observed in the kaon system.Kobayashi and Maskawa re
ognized that if n = 2, as in the GIM des
ription, there isonly one free parameter, whi
h is the Cabibbo mixing angle. This was the motivationfor Kobayashi and Maskawa to predi
t the existen
e of the bottom and top quarks. Itis an experimental issue to determine if the stru
ture of observed de
ays is 
onsistentwith the pi
ture of a CKM matrix with 
omplex phase that is suÆ
ient to provide CPviolation in the weak de
ays of hadrons. The B system is a parti
ularly 
onvenient24



system with whi
h to probe the unitarity of the CKM matrix and the magnitude ofthe 
omplex phase, as will be dis
ussed in the next se
tion.1.5.1 Physi
s Beyond the Standard ModelThe existen
e of any new 
harged parti
les whi
h 
an 
ouple to the quarks in themixing diagrams shown in 1-1 would alter the mixing frequen
ies. The determinationof the CKM matrix elements ignoring these new pro
esses would be in
orre
t. In this
ase there is no reason to expe
t the in
orre
t measured CKM matrix to be unitary.The 
harged Higgs, for example may also 
ontribute to pro
esses like those shown in1-1. A non-unitary measured matrix may be indire
t eviden
e for the existen
e ofnew 
harged parti
les like the 
harged Higgs. Another possibility if the 3 � 3 CKMmatrix is measured to be non-unitary is that there are as of yet undis
overed heavierquark generations. For n generations, the n� n mixing matrix must be unitary, butany m � m submatrix (m < n) need not be unitary. For example, the 3 � 3 CKMmatrix in Equation 1.26 may not be unitary if there is a fourth generation of quarks.The CKM matrix may well prove to be a window exposing new physi
s beyondthe standard model.Wolfenstein Parameterization and the Bjorken TriangleA 
ommon parameterization of the CKM matrix was given by Wolfenstein in 1983[15℄. The four parameters are taken to be � (sin �
), A, �, and �, and the matrix lookslike: 0BBBBB� 1� �22 � A�3(�� i�)�� 1� �22 A�2A�3(1� �� i�) �A�2 1 1CCCCCA : (1.34)The matrix is a

urate to fourth order in �, whi
h is roughly equal to 0:22 [4℄. Theparameters other than � are all roughly of order unity. We 
an see in this param-eterization that 
ross-generational weak de
ays are CKM suppressed by fa
tors of�. 25



The unitarity 
ondition V V y = 1 yields the equations Pj Vi;jV �k;j = Æi;k: Note thatthe o� diagonal 
onditions (i 6= k) 
an be represented as triangles in the 
omplexplane. Ea
h of the three terms is a ve
tor in the 
omplex plane and the sum of theseve
tors is zero. If the CKM matrix had been real, this triangle would lie entirely onthe real axis. The greater the CP violating e�e
ts, the larger the area of the triangles.It is easiest to measure the area of a triangle when all of the angles are roughly thesame size. The triangle de�ned by the unitarity 
onditionVudV �ub + V
dV �
b + VtdV �tb = 0; (1.35)whi
h 
an be written to leading order in � asA�3(� + i�)� A�3 + A�3(1� �� i�) = 0; (1.36)is roughly equilateral, with ea
h side proportional to �3: Inspe
tion of the CKMmatrix elements in
luded in this triangle (Equation 1.35) leads one to the 
on
lusionthat studying B de
ays is a very useful way of probing CP violation introdu
ed viathe CKM matrix. The triangle asso
iated with Equation 1.35 is 
alled the BjorkenTriangle [16℄ and is shown in Figure 1.5.1.If there had been more generations, Equation 1.35 would have more terms (onefor ea
h new generation) and the asso
iated �gure in the 
omplex plane would bea polygon with the number of sides equal to the number of generations. If it isexperimentally found that the Bjorken Triangle is not 
losed, this would be eviden
efor new physi
s.We showed in Equation 1.27 how �md related to CKM matrix elements. We seethat by measuring the B0 mixing frequen
y we 
an 
onstrain the edge of the BjorkenTriangle opposite to the angle 
. What's more, �p and �q of Equation 1.16 are alsorelated to the angle � in the Bjorken Triangle through the relationship�q�p = e2i�: (1.37)
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Figure 1-4: The Bjorken Triangle is one of the triangles representing the unitarity of theCKM matrix. The larger the area of the triangle, the greater the CP violating e�e
ts.
1.6 SummaryThe CKM matrix is a 
omponent of the Standard Model whi
h is related to thephysi
s of CP violation and mixing. Mu
h of the physi
s asso
iated with the CKMmatrix is represented graphi
ally in the properties of the Bjorken Triangle, whi
his derived from a unitarity 
ondition on the matrix. By measuring the frequen
yof 
avor os
illations in the Bd system we 
onstrain one of the edges of the BjorkenTriangle.

27



Chapter 2
The Experimental Apparatus
In this 
hapter we present a des
ription of the Fermilab Tevatron and the ColliderDete
tor at Fermilab (CDF). We fo
us primarily on the subsystems of the CDFdete
tor relevant to this analysis. A detailed des
ription of every 
omponent of thedete
tor 
an be found in referen
e [17℄.2.1 Introdu
tionThe Collider Dete
tor at Fermilab was designed for the study of a wide range ofphysi
al phenomena asso
iated with the 
ollisions of protons with antiprotons atvery high energies. For this analysis we are spe
i�
ally interested in the study of Bmesons that were produ
ed in those 
ollisions, but CDF has also had great su

essin exoti
, ele
troweak and strong physi
s and is responsible for the dis
overy of thetop quark.The data analyzed for this thesis were 
olle
ted from the operation of the dete
torbetween January 1994 and July 1995. We des
ribe the dete
tor as it was during thisdata 
olle
ting period, 
alled Run 1b. The p�p 
ollisions were provided by the Tevatrona

elerator 
omplex, where protons and antiprotons were grouped, a

elerated, and
ollided. The 
enter-of-mass energy of those 
ollisions was 1:8 TeV, making it thehighest energy 
ollider in the world at the time of operation.28



2.2 The A

eleratorFigure 2-1 shows the 
omponents of Fermilab's a

elerator 
omplex. Protons andantiprotons were produ
ed and a

elerated in several stages before they were 
ollidedin the Tevatron. By doing the a

eleration in several stages, smaller rings 
ould beused and a smaller beam pro�le 
ould be a
hieved. Figure 2-2 demonstrates thepro
ess by whi
h p�p 
ollisions are produ
ed.
Main Ring

ProtonsAntiprotons

Tevatron

Booster

Antiproton Storage Ring

Cockroft-Walton

LinacCDFFigure 2-1: The A

elerator Complex at Fermilab.The �rst step was to produ
e a beam of protons. Hydrogen gas was pla
ed ina Co
kroft-Walton 
hamber in whi
h ele
trons were added to produ
e H� ions. Astrong stati
 ele
tri
 �eld a
ross the 
hamber a

elerated the ions to 750 keV. Theions were then released into a linear a

elerator, known as the LINAC, where theywere further a

elerated to 400 MeV. Finally the negative hydrogen ions were strippedof their ele
trons by being passed through a 
arbon foil, leaving a 400 MeV beam ofprotons.The proton beam was next sent to a syn
hrotron a

elerator with a radius of75 meters. This a

elerator, known as the Booster, brings the proton beam energyup to 8 GeV and divides the protons into 12 separate bun
hes, with roughly Np �2� 1011 protons per bun
h. The proton bun
hes were passed to another syn
hrotrona

elerator; this one with a radius of 1 km. Here, in the Main Ring, the protonbun
hes were a

elerated to 150 GeV. These proton bun
hes were either inje
ted intothe Tevatron, or used for the produ
tion of antiprotons that were in turn inje
ted29



into the Tevatron for 
ollisions.Antiprotons were produ
ed from the proton bun
hes in the Main Ring by 
ollidingthe proton beam with a �xed Tungsten target, in whi
h proton-nu
leon s
attering leftantiprotons in the �nal state. The antiprotons were 
ooled in the Debun
her Ringand stored in the A

umulator ring. On
e a suÆ
ient number of antiprotons hadbeen a

umulated (typi
ally N�p � 6 � 1010 per bun
h) the antiproton bun
hes weresent to the Tevatron where they were a

elerated to 150 GeV. Be
ause protons andantiprotons are oppositely 
harged, they travel in opposite dire
tions in the Tevatronand 
ould be a

elerated simultaneously.On
e six proton bun
hes and six antiproton bun
hes were orbiting in the Tevatron,they were a

elerated to 900 GeV, giving a 1:8 TeV 
enter-of-mass energy of 
ollisions.Ea
h beam was fo
used to a transverse diameter of about 25 � m at the intera
tionregion for CDF. Ea
h bun
h was about 30 
m longitudinally. The two beams 
ollidedat two lo
ations, 
alled D; and B;, where sit the two dete
tors, D; and CDF.The rate at whi
h events of a given type will be produ
ed from the 
ollisions isgiven by �pL, where �p is the 
ross-se
tion for the produ
tion of those events and Lis the instantaneous luminosity, de�ned asL = NpN�pNBf�A : (2.1)Np is the number of protons in ea
h bun
h, N�p is the number of antiprotons in ea
hbun
h, NB is the number of bun
hes, f is the frequen
y of revolution for a bun
h,and �A is the geometri
 
ross-se
tional area of the beam. The average instantaneousluminosity during Run 1b was 1:6 � 1031 
m�2s�1. The integrated luminosity wasroughly 90 pb�1.
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Protons produced 
by stripping electrons
with carbon foil

Ions are accelerated 
to 750 KeV in a 
Cockroft-Walton 
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Negative Hydrogen
Ions are further 
accelerated to 
400 MeV in the 

Protons accelerated 
to 8 GeV in the 
Booster

Protons in the 
Main Ring are 
accelerated to 
150 GeV

Protons are 
sent to the Tevatron  
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accelerated to 900 GeV
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accelerated to 

150 GeV in the Main 
Ring
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Tevatron
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Figure 2-2: A diagram of the pro
ess of produ
ing p�p 
ollisions startingwith hydrogen gas.
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2.3 The CDF Dete
torThe CDF dete
tor was the �rst general purpose dete
tor built to exploit the Tevatron
ollider. Here we dis
uss the subsystems of the dete
tor most important to thisanalysis.The most basi
 
onstru
t for us is a tra
k, whi
h is an estimate of the path takenby a 
harged parti
le in the dete
tor. Tra
ks were measured with three tra
kingdete
tors, 
alled the SVX, VTX, and CTC, pla
ed in a 1.4 T magneti
 �eld orientedalong the beam axis. The 
urvature of the tra
k is related to the momentum ofthe parti
le transverse to the beam axis. Neutral parti
les whi
h do not de
ay inthe tra
king dete
tors do not leave tra
ks, and are dete
ted through their energydeposition in ele
tromagneti
 and hadroni
 
alorimeters. We identify muons with thehelp of the muon systems. Before we dis
uss these dete
tor 
omponents we introdu
ethe 
oordinate system used to des
ribed the geometry of events at CDF and theparameterization of the traje
tory of a parti
le in the dete
tor.2.3.1 De�ning the Coordinate SystemFigure 2-3 shows a three-dimensional view of the dete
tor. As 
an be seen in this�gure, the dete
tor has azimuthal and forward-ba
kward symmetry. A 
ylindri
al
oordinate system with the z�axis oriented along the proton 3�momentum at theintera
tion point is therefore a natural 
hoi
e for the des
ription of the dete
tor. Wewill refer the radial 
omponents of a 3�ve
tor, ~V , by Vt = qV 2x + V 2y . The polarangle � is de�ned as the angle with respe
t to the positive z�axis. The azimuthalangle � is measured with respe
t to the positive x�axis, whi
h is de�ned in the righthanded Cartesian 
oordinate system with the same z�axis and the y�axis pointingaway from the 
enter of the earth at the intera
tion point.There is a 
ompli
ation in the 
hoi
e of natural 
oordinates for the des
riptionof 
ollision remnants at CDF. Although we know the momentum of the protonsand antiprotons in ea
h 
ollision very a

urately, we do not know the fra
tion ofthat momentum 
arried by the partons involved in the intera
tion. This fra
tion32



Figure 2-3: The CDF dete
toris des
ribed by the stru
ture fun
tions of the proton. Typi
ally the fra
tion of theproton momentum 
arried by partons in the produ
tion of B mesons is small. Be
ausethe fra
tion of momentum 
arried by the parton in the proton may be di�erent fromthe fra
tion of momentum 
arried by the parton in the antiproton, the parton-partonintera
tion does not o

ur at rest in the laboratory referen
e frame. Additionally, theboost will vary from event to event and is unknown. Consequently we are interestedin 
onstru
ting physi
al variables that are invariant under boosts along the beamaxis. The transverse proje
tion of ve
tors obviously satis�es this requirement, butthere is another variable, 
alled the rapidity, whi
h is also useful. The rapidity of atra
k, de�ned by y � 12 ln E + pzE � pz! ; (2.2)has a 
onvenient transformation under boosts, �z, in the z dire
tion:y ! y + tanh�1 �z: (2.3)Therefore, the di�eren
e of rapidities of two tra
ks is invariant with respe
t to boostsin the z dire
tion:�y0 = (y01 � y02) = (y1 + tanh�1 �z)� (y2 + tanh�1 �z) = (y1 � y2) = �y: (2.4)33



When the energy of a parti
le is mu
h greater than the mass of the parti
le (typi
alfor the high energy parti
les produ
ed in p�p intera
tions) we 
an approximate therapidity with the pseudorapidity, de�ned as� � 12 ln p+ pzp� pz! = � ln tan �2 : (2.5)2.3.2 Parameterizing a Tra
kA 
harged parti
le traveling with a �xed energy in a uniform magneti
 �eld will un-dergo a heli
al traje
tory. Any helix 
an be uniquely determined by �ve independentparameters. We will des
ribe 
harged parti
le tra
ks with the following �ve parame-ters:� The momentum transverse to the z�axis: pt,� The pseudorapidity: � (sometimes we use 
ot(�) instead),� The shortest distan
e between the beam-line and the helix: d0,� The azimuthal angle at the point of 
losest approa
h: �o,� The z�
oordinate of the point on the helix when 
losest to the z�axis: z0.2.3.3 Overview of the Dete
torFigure 2-4 is a 
ross-se
tional view of the CDF dete
tor with the major dete
tor
omponents labeled. We used only the 
entral region of the dete
tor, j�j < 1:1 for thisanalysis. Starting at the 
ollision point and moving radially outward, a parti
le �rst�nds the Sili
on Vertex dete
tor, a high pre
ision tra
king dete
tor used to measurethe lo
ation of tra
ks near the intera
tion point in the transverse plane. Next is avertex time proje
tion 
hamber 
alled the VTX, whi
h provides tra
king informationin � and is used to determine the z lo
ation of the primary vertex. The CentralTra
king Chamber (CTC) is the main tra
king dete
tor and is situated next. All threetra
king 
hambers are in a 1:4 T magneti
 �eld oriented along the in
ident protonbeam dire
tion. The ele
tromagneti
 and hadroni
 
alorimeters are situated outside34
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Figure 2-4: A 
ross-se
tion of the CDF dete
tor with the 
oordinate systemindi
ated in the top left 
orner.of the CTC. In this analysis we use the 
alorimeters to identify ele
trons. Outside ofthe hadroni
 
alorimeter are two muon 
hambers, the Central Muon Chamber (CMU)and the Central Muon Upgrade (CMP).2.3.4 The Sili
on Vertex Dete
torThe Sili
on Vertex Dete
tor is a barrier-layer solid state dete
tor. This dete
torprovides a pre
ise measurement of the position of tra
ks 
lose to the intera
tion pointbe
ause it is made of mi
rostrip dete
tors with spa
ing of less than 100 �m. Ase
ondary vertex is a tra
k vertex displa
ed from the primary vertex by a distan
ethat is 
onsistent with being the de
ay produ
ts of a long-lived parti
le. We use theSVX to identify se
ondary verti
es 
orresponding to B de
ays.An isometri
 view of the SVX 
an be seen in Figure 2-5 The a
tive region ofthe SVX is 51 
m, made up of two 
ylindri
al barrels of equal length with a gap of2:15 
m at the 
enter of the dete
tor. Ea
h barrel 
onsists of four 
on
entri
 layersat radii of 2:94 
m, 4:37 
m, 5:84 
m, and 8:07 
m. Ea
h layer 
onsists of twelveplane se
tions oriented to form a dode
agon in a transverse 
ross-se
tion. These35



Figure 2-5: An isometri
 view of one barrel of the Sili
on Vertex Dete
tor.planes, 
alled \ladders," have three sili
on wafers with mi
rostrips oriented along thez�axis. Figure 2-6 shows a depi
tion of a ladder in the SVX. The spa
ing betweenthe mi
rostrips is 60 mi
rons for the �rst three layers and 55 in the fourth, givinga total of 256, 384, 512, and 768 strips in the four layers. Be
ause the mi
rostrips

Figure 2-6: An SVX ladder.are oriented along the z dire
tion and the readout from the dete
tor is always on thesame end of ea
h ladder, there is no useful � information in the lo
ation of SVX hits,and the dete
tor is only useful for the measurements of tra
k positions in the r � �36



plane.Tra
ks in a se
ondary vertex should have a non-zero distan
es of 
losest approa
hto the z�axis (d0). The resolution in d0 as a fun
tion of pt is shown in Figure 2-7. When all four sili
on layers have hits, the resolution is even better, rea
hing 16mi
rons at pt > 5:0 GeV.

Figure 2-7: The resolution in the impa
t parameter in the SVX as a fun
tionof the transverse momentum of the tra
ks. The tra
ks were not required tohave hits in all four sili
on layers.Figure 2-8 shows a display of an event in the CDF dete
tor. As 
an be seenin the inset image, there are two se
ondary verti
es re
onstru
ted in the SVX, one
orresponding the a B ! J= K� (with the J= de
aying to two muons and the K�de
aying to a 
harged kaon and a 
harged pion) and the other 
orresponding to thede
ay of the other b hadron. The muons formed an invariant mass equal to the J= 37



mass, the K; � provided a K�, and the four tra
ks in that vertex form an invariantmass equal to the B mass. The SVX is a powerful tool in the identi�
ation and studyof B mesons by allowing us to identify tra
ks displa
ed from the primary vertex.

Figure 2-8: A CDF event with two B meson se
ondary verti
es re
on-stru
ted in the Sili
on Vertex Dete
tor.
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2.3.5 The Vertex Time Proje
tion ChamberAs mentioned before, the 
ollisions between protons and antiprotons are distributedabout 0:0 in the z dire
tion with a relatively large width of 30 
m. The purpose ofthe VTX is to help determine the lo
ation in z of the primary intera
tion. Roughly 5per
ent [18℄ of the tra
ks in re
onstru
ted B events are a
tually due to p�p intera
tionsdi�erent from the one that produ
ed the b�b pair. These \pile-up" tra
ks 
an beidenti�ed using the VTX, sin
e the unwanted p�p intera
tion is separated from theone of interest in z.This time proje
tion 
hamber 
onsists of eight modules situated end-to-end alongthe z�axis 
overing a regions of j�j < 3:25. Ea
h module is divided into two 15:25
m long drift regions by a 
entral high voltage grid. The 
hambers are �lled withequal parts of argon and ethane. When a 
harged parti
le traverses the 
hamber,the gas is ionized. Ele
trons drift away from the 
enter grid to a 
athode grid andthen to a proportional 
hamber in the end
aps. Ea
h end
ap is divided into eighto
tants whi
h 
ontain twenty-four sense wires and 
athode pads. The sense wires areoriented transversely to the r̂ and ẑ dire
tions. The arrival times of ele
trons at thesense wires provide an r � z proje
tion of a tra
k.The resolution in z of the measured position of the primary vertex depends on thenumber of tra
ks in the vertex, and typi
ally ranges between one and two millimeters.
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2.3.6 The Central Tra
king ChamberThe CTC is a 
ylindri
al drift 
hamber whi
h extends 3.214 m in the z dire
tion and1:011 m in the radial dire
tion, starting at a radius of 0:309 m. Like the VTX, theCTC is �lled with an argon-ethane mixture of gas whi
h is ionized by 
harged parti-
les. There are 36504 wires oriented along the z dire
tion 
onne
ting the endplates ofthe CTC. Most of these wires serve to produ
e an ele
tri
 �eld in whi
h the ele
tronsformed in the ionization of the argon-ethane gas are a

elerated. Some of them, how-ever, are sense wires used to 
olle
t the ele
trons and provide a lo
ation measurementof the 
harged parti
le. The sense wires have a mu
h smaller diameter than the otherwires (40 mi
rons 
ompared to a few hundred mi
rons), allowing the ele
tri
 �eld toget very strong near the wire. This strong �eld 
auses drifting ele
trons to a

eleratestrongly near the wire and, through intera
tions with gas in the vi
inity, 
ause evenmore ionization, a pro
ess known as \gas ampli�
ation."Figure 2-9 is a view of one of the endplates. The general stru
ture is that of9 
on
entri
 rings 
alled \superlayers." Ea
h ring 
onsists of a series of slots. Theendpoints of the wires that are strung between the two endplates 
onne
t to theendplate uniformly along these slots. Taken as a whole, the set of wires belonging tothe same slot form a planar strip traversing from one endplate to the other. Alongthe radial dire
tion, the wires are all at a the same voltage. Along the �̂ dire
tion,the voltage on the wires alternate in sign going from slot to slot. If the CTC werenot in a magneti
 �eld and the slots were radial, the dire
tion of ele
tron drift in the
hamber would be along the ele
tri
 �eld, in the �̂ dire
tion. Sin
e the 
hamber is ina 1:4 T magneti
 �eld oriented along the z�axis, the slots are tilted (by roughly 45o)to 
ompensate. In this way, the drift dire
tion is still azimuthal, whi
h is optimal forthe measurement of the positions of radial (\sti�") tra
ks.We use the CTC to measure several basi
 properties of tra
ks. Like the SVX, theposition measurements of tra
ks help us to determine the impa
t parameter, d0 andazimuthal angle �o. In the transverse plane, the 
harged parti
le (heli
al) traje
toriesare simply 
ir
les. The radius of the 
ir
le is determined by the transverse momentum40



of the parti
le and the strength of the magneti
 �eld transverse to the plane:12R = 
B2pt � 10�9; (2.6)where the speed of light, 
, is measured in m/s, B = 1:4 T, and pt is the transversemomentum of the tra
k measured in GeV/
. We 
an therefore measure the pt of aparti
le from the 
urvature of a re
onstru
ted tra
k in the CTC. The wires in theoutermost superlayer, and in every alternate superlayer, are \axial", meaning thatthey are aligned with the z�axis. There are twelve axial sense wires in ea
h slot.The sense wires in the other superlayers are tilted �3o, so that measurements of theposition in the r � z plane 
an be made. There are six su
h \stereo" wires in ea
hslot in these superlayers. The � (whi
h 
an be expressed in terms of 
ot(�)) and z0of tra
ks are measured with the stereo sense wires.The resolution in pt depends on the value of pt sin
e softer (low momentum) tra
kshave more 
urvature than sti� (high momentum) tra
ks. The resolution is given byÆptpt = 0:002� pt GeV�1; (2.7)where pt is measured in GeV/
. The existen
e of SVX hits 
onstrains the tra
ksbetter and provides a 
ombined resolutions that is nearly twi
e as good:Æptpt = q0:00662 + (0:0009pt GeV�1)2: (2.8)The resolution in z0 is roughly 1 
m, and the resolution in 
ot(�) is roughly 0:01.For the sense wires in three of the superlayers the pulse height is also re
orded.This provides a measurement of the energy lost by the 
harged parti
le throughionization of the gas as a fun
tion of distan
e, dEdX . The Bethe-Blo
h formula,�dEdX = ��2 (log 2me
2�2TmaxI2 � �2 � Æ2); (2.9)gives the energy loss of the parti
le in the material in terms of �, a 
onstant 
har-a
terizing the material, I, the mean ionization energy, Tmax, the maximum kineti
energy that 
an be imparted to a free ele
tron in a single 
ollisions, Æ, a density related
orre
tion, and the velo
ity of the parti
le, �. Parti
les with the same momentum41



(and thus the same 
urvature in the tra
king 
hambers) but di�erent masses (andthus di�erent velo
ities) will therefore loose di�erent amounts of energy traversingmatter. We 
an therefore gain some parti
le identi�
ation information from the dEdXmeasurement using the CTC.

Figure 2-9: One of the endplates of the CTC. The 
on
entri
 rings, orsuperlayers, 
onsists of a series of slots where the �eld and sense wires atta
hto the endplate. The slots are tilted in order to produ
e an ele
tri
 �eldsu
h that, in the presen
e of the magneti
 �eld oriented along the z�axis,the ele
tron drift is in the azimuthal dire
tion.
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2.3.7 The Central Ele
tromagneti
 Calorimeter (CEM)An ele
tron will radiate photons when passing through a nu
lear Coulomb �eld. Thispro
ess, 
alled bremsstrahlung, is illustrated by a Feynman diagram in Figure 2-10.These photons 
an in turn be 
onverted into ele
tron-positron pairs from intera
tionwith matter (see the Feynman diagram in Figure 2-11). A high energy ele
tronpassing through matter will therefore produ
e a \shower" of positrons and ele
tronsthrough bremsstrahlung and pair produ
tion. Eventually the ele
tron energies falllow enough that the dominant energy loss is through ionization and ex
itation of thematerial through whi
h it is passing. The ele
tromagneti
 
alorimeter is designed tomeasure the ionization shower produ
ed by an ele
tron passing through dense matter.It 
onsists of alternating layers of lead and s
intillator. The shower is produ
ed inthe lead and dete
ted in the s
intillator. As the ele
trons and positrons pass throughthe s
intillator, they ex
ite mole
ules whi
h then emit light whi
h is gathered anddete
ted by photo-multipliers. The initial ele
tron energy is proportional to the totallight 
olle
ted by the s
intillator.The shape of the produ
ed shower is 
hara
teristi
 of the in
ident 
harged parti
le.The transverse pro�le of the shower is measured with the use of a gas 
hamber withsense wires transverse to the radial dire
tion situated 6 radiation lengths into the
alorimeter. We 
an 
ompare the transverse pro�le of the shower produ
ed by a
harged parti
le to the shape of the showers produ
ed by known ele
trons duringthe test beam operation of the dete
tor in order to distinguish between ele
tronsand other 
harged parti
les that may have produ
ed a shower in the ele
tromagneti

alorimeter.The CEM 
onsists of 480 towers oriented radially. The ��� proje
tion of a toweris a re
tangle of �� = 0:1 and �� = 15o. Ea
h tower is roughly 18 radiation lengthsdeep for an ele
tron. The energy resolution for the CEM isÆEE = vuut(0:135GeV 12pE )2 + 0:0001: (2.10)
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Figure 2-10: Ele
trons will radiate photons in the presen
e of nu
lear
oulomb �elds in a pro
ess known as bremsstrahlung. Along with photon
onversions into ele
tron-positron pairs, the bremsstrahlung pro
ess 
on-tributes to the generation of ele
tromagneti
 showers.
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Figure 2-11: Photons 
an 
onvert into pairs of ele
trons and positrons.
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2.3.8 The Central Hadroni
 Calorimeter (CHA)Hadrons generally pass through the ele
tromagneti
 
alorimeters without signi�
antenergy loss sin
e they are mu
h heavier than ele
trons and thus do not undergo signif-i
ant bremsstrahlung. Many hadrons are neutral and do not undergo bremsstrahlungat all. The dominant energy loss for hadrons 
omes from strong nu
lear intera
tions.Hadroni
 showers are produ
ed in the hadroni
 
alorimeters from the intera
tionsof the in
ident hadron with nu
lei in the material that produ
e more hadrons. Thedesign of the CHA is similar to the CEM, with a tower in the same � � � positionsbehind ea
h CEM tower. The s
intillators are alternated with steel plates used toprodu
e the hadroni
 showers. The CHA is 4:5 hadroni
 intera
tion lengths and hasan energy resolution of ÆEE = vuut(0:5GeV 12pE )2 + 0:0009: (2.11)In this analysis, we use the hadroni
 
alorimeter in order to reje
t hadrons thatprodu
ed an early shower in the ele
tromagneti
 
alorimeter and therefore appearedto be an ele
tron.2.3.9 Muon ChambersOnly muons and neutrinos are likely to penetrate through the hadroni
 
alorimeters.The muons make it past the 
alorimeters sin
e they do not intera
t strongly anddo not lose as mu
h energy to bremsstrahlung as ele
trons be
ause of their heaviermass. There are muon 
hambers behind the hadroni
 
alorimeter. The Central MuonSystem, the CMU, is dire
tly behind the CHA (5:4 pion intera
tion lengths) whilethe Central Muon Upgrade, the CMP, is outside the return magneti
 yoke (8.4 pionintera
tion lengths). Both dete
tors are simply four layers of drift 
hambers whi
hmeasure tra
k \stubs" that are then mat
hed to tra
ks in the CTC. If a tra
k appearsto point from the CTC to a stub in the muon systems, it is likely that the tra
k andstub 
orrespond to a muon. The Central Muon Extension (CMX) was added toextend the � 
overage of the muon systems, but was not used in this analysis be
ause45



of a large ba
kground rate due the fa
t that the beam halo intera
ted with the beampipe just below the CMX. Figure 2-12 shows an � � � map of the muon systems.
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Figure 2-12: An � � � map of the Muon Systems.47



2.4 Data A
quisitionThe proton and antiproton bun
hes 
rossed � 290000 times every se
ond during theoperation of the experiment. It was not feasible to re
ord the out
ome of ea
h bun
h
rossing, as this would require prohibitively fast ele
troni
s and massive data storage.It would not even be desirable to re
ord every event sin
e the physi
ally interestingphysi
s phenomena, like the produ
tion of top quarks or SUSY parti
les (should theyexist), o

ur very rarely. On
e the de
ision to re
ord an event has been made, it takes� 2 ms to a
tually read out the full dete
tor. It is therefore possible to re
ord atmost � 500 events every se
ond. Trigger logi
 is employed to identify the top � 0:2%most interesting events produ
ed.The purpose of the triggering system is to very qui
kly determine if an eventis worthy of being re
orded for analysis. The de
ision to re
ord an event is madeby applying four levels of �lters to the data. As an event pro
eeds through thesele
tion 
riteria, more 
omputational resour
es are applied (and more time is spent)in determining if the event is to be re
orded.The �rst requirement was that an intera
tion should have o

urred between theproton and the antiproton. On average, there were more than one proton-antiproton
ollision per bun
h-
rossing, so almost every 
rossing would satisfy this requirement.Still, the probability that there is no intera
tion at a beam 
rossing is governedby Poisson statisti
s and is not negligible. There are two sets of s
intillator planesroughly 6 m on either side of z = 0. These \Beam-Beam Counters" (BBC) 
overed3:2 < j�j < 5:9. Almost every intera
tion is a

ompanied by some parti
les that arein the �du
ial area for the Beam-Beam 
ounters. The requirement that the BBCshould have �red is 
alled the \level 0" trigger. The other triggers are numbered 1through 3.The level 1 trigger de
ision was made on the basis of the analog readout of thedete
tor. The raw dete
tor readout is sear
hed for rudimentary eviden
e of interestingphysi
s, for example large energy deposition in 
alorimeters, the existen
e of a muon,or large missing transverse energy. Roughly a few thousand events passed level 148



every se
ond.The level 2 trigger de
ision was also made by hardware pro
essors. This triggertook advantage of the Central Fast Tra
ker (CFT), hardware whi
h used some of theinformation from the CTC to do �rst order tra
king. Be
ause of the 45o tilt of theslots in the CTC, a high energy tra
k will pass 
lose to at least one CTC sense wirein ea
h superlayer. For su
h hits, the drift time would be very low sin
e the ionizedele
trons would not travel a substantial distan
e. The CFT �rst sear
hed for theseprompt hits. For any sense wire with prompt hits, the CFT looked lo
ally at othersense wires for non-prompt (delayed) hits. The CFT next 
ompared the pattern offound hits (both prompt and delayed) to a look-up table in order to �nd hit patterns
onsistent with a tra
k. In this way the CFT very qui
kly re
onstru
ted some ofthe tra
ks in the event, allowing for tra
king information to be used in the level 2de
ision. The CFT is ineÆ
ient for low momentum tra
ks be
ause it is unable todistinguish patterns when there is signi�
ant 
urvature in the tra
ks. Most of theevents used in this analysis 
ame from level 2 triggers whi
h required an ele
tron ormuon 
andidate with a CFT tra
k of at least 7:5 GeV. If an event passed a level 2�lter, it was written to a staging disk.The level 3 trigger was an o�ine software trigger. A streamlined version of theCDF o�ine event re
onstru
tion was used to analyze the data. Interesting events wereeventually 
lassi�ed into \streams" asso
iated with the type of physi
s identi�ed bythe level 3 analysis. The data was then stored and labeled a

ording to its stream.The data of this analysis were taken from the in
lusive lepton and in
lusive muonlevel 3 data streams. This sample will be des
ribed in detail Chapter 4.
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Chapter 3
Overview of Mixing Methods
In this 
hapter we present a framework for the determination of �md with an emphasison the te
hniques used in this analysis.3.1 Ingredients of a Mixing MeasurementAny measurement of �md must in
lude three basi
 ingredients. First, a data samplemust be sele
ted. Typi
ally B de
ays are identi�ed through full or partial re
onstru
-tion of spe
i�
 de
ay modes of B mesons. In order to enhan
e the statisti
al power ofour measurement we used the semi-leptoni
 de
ays of B mesons in
lusively. Se
ond,the 
avor of B mesons when they de
ayed must be determined. Third, the 
avor of Bmesons when they were produ
ed must be determined. By 
omparing the 
avors of Bmesons when they were produ
ed with the 
avors of the mesons when they de
ayed,we 
an determine whether the B mesons mixed before de
aying. These ingredientsare suÆ
ient to determine �md, but greater statisti
al pre
ision 
an be a
hieved byalso determining the time a B meson lived before de
aying in the referen
e frameof the meson. In this analysis we measure this proper time of de
ay and thereforedire
tly observe the 
osine dependen
e on the proper time of the mixing probabilityshown in Equation 1.16, from whi
h we extra
t �md.
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3.2 Data Sele
tionOn average, a B meson lives 1:5 ps before de
aying. The B mesons that are sele
tedby the in
lusive lepton triggers have an average transverse momentum of roughly 20GeV/
. Therefore, a typi
al B meson sele
ted by the in
lusive lepton triggers travela few millimeters in the transverse plane before de
aying. This is a large enoughdispla
ement that we 
an use the SVX to identify B meson daughter parti
les. Eventswith a high pt lepton and a se
ondary vertex form a very pure sample of semi-leptoni
de
ays of bottom hadrons. Not all of these bottom hadrons are B0's1, however, andsome of the verti
es are due to semi-leptoni
 de
ays of 
harm hadrons. We 
andetermine the prompt 
harm fra
tion of these events by exploiting the di�eren
e inmass between the 
harm and bottom quarks. There are a few other ba
kgroundsour
es of high pt lepton 
andidates. Ele
tron 
andidates 
an be hadrons whi
h fakean ele
tron signature or members of photon 
onversion pairs. Muon 
andidates 
anbe hadrons that fake the signature of muons or de
ay produ
ts of kaons or pions.Although in the latter 
ase the 
andidates are real muons, we still refer to them as\fakes" be
ause they are not the muons for whi
h we are looking. The ba
kgroundsare a

ounted in the extra
tion of �md.3.3 Flavor TaggingWe use the term \
avor tagger" to mean an observable whi
h is 
orrelated to the
avor of a B meson asso
iated with a se
ondary vertex. When the observable is
orrelated to the 
avor of a B meson at the time of de
ay, it is 
alled a \de
ay 
avortagger," and when the observable is 
orrelated to the 
avor of a B meson at the timeof produ
tion, it is 
alled a \produ
tion 
avor tagger." In this se
tion we des
ribe thede
ay and produ
tion 
avor taggers used in this analysis as well as those 
ommonlyused in measurements of �md.1When referring to a parti
le name, we often mean both the parti
le and the 
harge-
onjugate.It should be 
lear from 
ontext when the 
harge 
onjugate is implied.51



3.3.1 De
ay Flavor TaggingIn general, it is fairly easy to 
onstru
t de
ay 
avor taggers sin
e the de
ay produ
tsof the B mesons are available for the 
onstru
tion. In this analysis we have identi�edas B de
ay produ
ts the tra
ks in the se
ondary vertex, in
luding a high pt lepton.We must use some property of one or more of these tra
ks in order to identify the
avor of a B0 meson when it de
ayed. When a B0 meson de
ays semi-leptoni
ally,the b quark de
ays to a 
 quark and a 
harged W boson, whi
h in turn de
ays to alepton and a neutrino. The semi-leptoni
 de
ays of a B0 and a �B0 meson are depi
tedin Figure 3-1, in whi
h we 
an see that a b quark always de
ays to a negative leptonwhile a �b quark always de
ays to a positive lepton. We therefore use the 
harge ofthe high pt lepton in the se
ondary vertex as the de
ay 
avor tagger.
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+
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_
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Figure 3-1: The 
harge of the 
harged lepton (in this 
ase an ele
tron) froma semi-leptoni
 b de
ay is 
orrelated to the 
avor of the b quark.
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3.3.2 Produ
tion Flavor TaggingIt is mu
h more diÆ
ult to determine the 
avor of aB meson at the time of produ
tionsin
e we are not able to dire
tly probe a B at that time. Sin
e no net 
avor isprodu
ed from the primary intera
tion, there are two b quarks of opposite 
avorin every B0 event. It is important to distinguish between these two quarks whendis
ussing produ
tion 
avor tagging. We 
all the b quark whi
h eventually de
ayedto the lepton whose tra
k is part of the se
ondary vertex the \�rst b quark" and we
all the other b quark in the event the \se
ond b quark." Produ
tion 
avor taggersare used to determine the 
avor of the �rst b quark.There are fundamentally two approa
hes 
ommonly taken to 
onstru
t a produ
-tion 
avor tagger. The approa
h that we have taken in this analysis is to exploit the
orrelations between 
harged parti
les produ
ed along with the B meson whi
h 
on-tains the �rst b quark and the 
avor of that B meson. Su
h 
orrelations are expe
ted[19℄ to arise from the pro
ess by whi
h the �rst b quark be
omes part of a B mesonand from B�� de
ays. This approa
h is referred to as \Same Side Tagging" (SST).The other approa
h to 
avor tagging is to determine the 
avor of the se
ond bquark and to infer the produ
tion 
avor of the �rst b quark from the fa
t that thetwo quarks are produ
ed with opposite 
avors. This approa
h is known as \OppositeSide Tagging" (OST). There are two 
ommon opposite side taggers. The Soft LeptonTagger is simply the semi-leptoni
 de
ay 
avor tagger des
ribed above applied to these
ond b quark. Jet Charge is a momentum weighted sum of the tra
ks in the jet
ontaining the se
ond b quark.We give a general overview of Same Side Tagging and Opposite Side Taggingalgorithms here, while we dis
uss the details of the SST algorithm we used in thisanalysis in Chapter 6.Same Side TaggersThere are two sour
es for the 
orrelations between the 
harge of some of the parti
lesasso
iated with the primary vertex and the produ
tion 
avors of B mesons. One53



sour
e of this 
orrelation 
omes from the de
ay of the B�� resonan
e. The B��+ !B0�+ and B��� ! �B0�� de
ays will o

ur while the B��+ ! �B0�+ and B��� ! B0��de
ays will not. Thus, there is a 
orrelation between the 
harge of the � and the 
avorof the B meson.Another sour
e of this 
orrelation 
omes from the physi
s of fragmentation (some-times 
alled hadronization), the pro
ess by whi
h free quarks form multi-quark boundstates. During the fragmentation pro
ess of a b, quark-antiquark pairs are 
reated bythe 
olor �eld. Some of these quarks will bind with the b quark to form a b hadronwhile the others will bind to ea
h other forming other hadrons. Figure 3-2 shows atypi
al heavy quark hadronization into a meson. In the �gure we 
an see a su

essionof produ
ed hadrons starting with the one whi
h 
ontains the original heavy quark,Q, and 
ontinuing along with quarks produ
ed su

essively later in the fragmentationpro
ess. This is 
alled a fragmentation 
hain. In the SST algorithm we are interestedin the �rst 
harged meson in the fragmentation 
hain of a b ! Bd hadronization.Gronau, Nippe, and Rosner [19℄, observed that this �rst 
harged parti
le (usually
Q

(Q,q1)

(q1,q2)

(q2,q3)
(q3,q4)

_

_

_
_Figure 3-2: A fragmentation 
hain is produ
ed during the hadronization ofa quark, Q.a pion) in the fragmentation 
hain is 
orrelated to the 
harge of the b quark. For54



example, a b quark that hadronizes into a �B0 must pi
k up a �d quark from the frag-mentation leaving a d quark to �nd it's own partner. If this d quark is to be
ome partof a 
harged meson, that meson will be negative. Lu
kily this is the same 
orrelationas that from the B�� de
ays and the two e�e
ts work in 
on
ert. Sin
e the di�eren
ebetween the neutral and 
harged B meson is the 
avor of the spe
tator quark, andthe spe
tator quark determines the 
harge of the 
avor-
orrelated 
harged meson,this 
orrelation is reversed for B+ relative to B0, as 
an be seen in Figure 3-3.We exploit the 
orrelation between the 
harge of 
harged hadrons that appearto 
ome from the primary vertex and the 
avor of B mesons asso
iated with thosemesons for the 
onstru
tion of a produ
tion 
avor tagger used in this analysis.
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Figure 3-3: The fragmentation of a �b quark into neutral and 
harged Bmesons. The 
harged pion produ
ed as the �rst fragmentation parti
le havea 
harge that is 
orrelated to the 
avor of the B meson, with the 
orrelationreversing sign depending on whether the �b quark hadronized into a B0 or aB+.There are reliable 
al
ulations of high momentum s
attering produ
tion rates for55



b�b be
ause the quarks are e�e
tively free. However, reliable perturbative 
al
ulationsof the fragmentation pro
ess do not exist be
ause it is a low momentum transferpro
ess and therefore the strong 
oupling 
onstant is not small. Sin
e the fragmenta-tion time is mu
h longer than the produ
tion time, the two physi
al phenomena 
anbe de
oupled theoreti
ally. The produ
tion of b quarks (
al
ulated perturbatively)is treated independently from the hadronization of b quarks, whi
h is modeled phe-nomenologi
ally. The fragmentation model 2 developed by the Lund group [20℄ is
ommonly used for the simulation of the fragmentation pro
ess. The Monte Carlostudies we performed in this analysis used the Lund model to des
ribe fragmentation.The Lund model is motivated by the observed fa
t that the angular momentum ofmesons of similar quantum numbers are linearly related to the square of their masses.Su
h relationships are known as \Regge traje
tories" [21℄. A simple 
lassi
al modelin whi
h a meson is treated as a rigid rotator exempli�es the model and produ
es aRegge traje
tory. Figure 3-4 shows a massless quark and antiquark 
onne
ted by astring of length d and tension k. The two quarks are rotating about the 
enter-of-mass of the system at nearly the speed of light. The velo
ity, v, of a string element

d
quark

antiquark

Figure 3-4: A 
lassi
al rigid rotator model of a meson.2Sometimes this model is 
alled the 1+1 Dimensional String Model.56



a distan
e r from the 
enter is v(r) = 2rd : (3.1)The mass of the system, M , is therefore given byM = Z d=20 dr 2k(1� v(r)2)1=2 = Z d=20 dr 2k(1� (2rd )2)1=2 = �kd2 ; (3.2)while the angular momentum, J , is given byJ = Z d=20 dr 2kvr(1� v2)1=2 = �kd28 : (3.3)We therefore �nd that J �M2, as observed experimentally. We are thus motivated tothink of the gluon �eld as a one dimensional energy density between the two quarks.A more sophisti
ated motivation 
an be found from an examination of the Wilsonoperator of QCD [22, 23℄. A one dimensional string is a natural 
hoi
e to des
ribethe energy density in the 
olor �eld between two quarks sin
e the quarks intera
t viathe ex
hange of gluons whi
h are also 
olored and tend to pull the 
olor lines of for
etogether into a tightly bound tube or string.The tension on the string, k, is determined to be roughly 1 GeV/fm from measuredRegge traje
tories as well as latti
e QCD 
al
ulations. As two quarks 
y apart theenergy between them in
reases until there is enough energy to produ
e a quark-antiquark pair. At this point a new quark pair is produ
ed and a string is stret
hedbetween them. As this pro
ess 
ontinues, more and more quarks are produ
ed andthese new quarks bind with the old ones to produ
e hadrons. This pro
ess is depi
tedin Figure 3-5. The Lund model has been very su

essful at reprodu
ing the kinemati
properties of fragmentation parti
les.
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Figure 3-5: The hadronization of a heavy quark in the Lund model.
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Opposite Side TaggersIn OST algorithms, the produ
tion 
avor of the �rst b quark is inferred from the
avor of the se
ond b quark. Figure 3-6 depi
ts the opposite side tagging possibilities.When the two b quarks are produ
ed 
olle
tively at rest and have no net transverse
���
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���
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���
���
���
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Figure 3-6: For OST algorithms, the 
avor of the �rst b quark is inferredfrom the 
avor of the se
ond b quark.momentum, they form \ba
k-to-ba
k" jets. The b quarks are in opposite hemispheresof the event, hen
e the name \opposite side tagging." At CDF, there are two e�e
tsthat tend to redu
e the angle between the two b jets. The b�b pair is in general notprodu
ed at rest but rather boosted along the z dire
tion, 
losing the angle betweenthe two jets in the lab frame. Furthermore, the next to leading order b�b produ
tionpro
esses provide roughly the same sized 
ontribution to leading order produ
tionpro
esses. Unlike leading order b�b produ
tion pro
esses, in the next to leading orderpro
esses the b and �b are not produ
ed ba
k-to-ba
k sin
e there is a gluon jet that
an take some of the momentum from the event. An important 
onsequen
e of thefa
t that the b jets are not ba
k-to-ba
k is that when one of the b jets is in the �du
ial59



region of the 
entral part of the dete
tor, the other is also in the �du
ial region ofthe 
entral part of the dete
tor only � 40% of the time, redu
ing the opposite sidetagging eÆ
ien
ies. Another disadvantage of opposite side tagging is that when these
ond b quark fragments into a B0s or B0d, mixing of the se
ond b meson dilutes the
orrelation between the two b quarks.The Soft Lepton Tagging method has a low tagging eÆ
ien
y due to the semi-leptoni
 bran
hing fra
tion for B mesons. The soft lepton tagging 
orrelation is alsodegraded by the potential for 
onfusing semi-leptoni
 
harm de
ays with semi-leptoni
bottom de
ays.The 
orrelation between the produ
tion 
avor of the �rst b quark and the jet
harge may be degraded by the 
onfusion of light quark jets or 
harged parti
les fromthe proton-antiproton remnants with the se
ond b jet.A signi�
ant advantage of opposite-side tagging is that the produ
tion 
avor tag-ging performan
e is independent of the proper de
ay time of the B meson 
ontainingthe �rst b quark.3.3.3 Time-Integrated MeasurementsIt is possible to determine �md by measuring the total fra
tion of B0 mesons thatmixed before de
aying. This only requires the three basi
 ingredients of a mixingmeasurement: �nding B0 mesons, measuring the de
ay 
avor, measuring the pro-du
tion 
avor. The probability that a B meson mixes before de
aying is shown inEquation 1.20. The total fra
tion, �d, of B mesons that mix before de
aying is givenby integrating this distribution:�d = Z dt�2 e��t(1� 
os �mdt): (3.4)The value of �md 
an be extra
ted from �d:�d = (�md=�)22[1 + (�md=�)2℄ : (3.5)A number of experiments [24℄ have been performed in whi
h the mixing probabilityis averaged over time. When B mesons are produ
ed at rest, it is not possible to60



measure the proper time of de
ay and �md must be extra
ted from �d. However,when the proper time is available, a statisti
ally more pre
ise measurement 
an bemade. In our 
ase, a time dependent measurement simply improves the a

ura
y ofthe determination of the mixing frequen
y, but when trying to determine the mixingfrequen
y of the Bs, a time dependent measurement is essential. This is be
ause theBs mixing frequen
y is large (�ms > 9:1 (ps)�1 [4℄), and thus �s is about 0:5. In this
ase the time-integrated fra
tion of mixed events is not very sensitive to the mixingfrequen
y.3.3.4 The Time Dependent Mixing AsymmetryThe B mesons at CDF are not produ
ed at rest, and we 
an measure the proper timedi�eren
e between the de
ay and produ
tion of a B meson. We 
an therefore performa proper time dependent extra
tion of �md. The probability densities for �nding amixed (�m) and unmixed (�u) B meson at a proper time t are given by�m = �e��t(1� 
os �mdt) (3.6)�u = �e��t(1 + 
os �mdt): (3.7)The \mixing asymmetry" is de�ned asA � �u(t) � �m(t)�u(t) + �m(t) = 
os �mdt: (3.8)In this analysis we extra
t the value of �md from the time dependen
e of the mixingasymmetry. There are a few 
ompli
ations that arise in this pro
edure:� The produ
tion and de
ay 
avor taggers do not always identify the 
avor of theB meson 
orre
tly.� The proper time of de
ay is not determined with perfe
t a

ura
y.� There are se
ondary verti
es that are not due to B0 de
ays in the event sample.We des
ribe how ea
h of these 
ompli
ations are dealt with in this analysis.61



Imperfe
t Flavor TaggersIn order to 
onstru
t the mixing asymmetry, we need to measure the number ofneutral B mesons that mixed before de
aying as a fun
tion of the proper time of thede
ay. Be
ause the de
ay and produ
tion 
avor taggers o

asionally give an in
orre
tidenti�
ation of the 
avor of a B, we 
an only measure a parameter proportionalto the mixing asymmetry rather than the mixing asymmetry dire
tly. We de�ne a\positive 
orrelation event" to be an event in whi
h the produ
tion 
avor tagger andthe de
ay 
avor tagger agree about the 
avor of the b quark. Conversely, a \negative
orrelation event" is one in whi
h the produ
tion and de
ay 
avor taggers disagree.The best estimate for the number of events that mixed at a parti
ular proper timeis given by the number of negative 
orrelation events (N) while the best estimate forthe number of events that did not mix is given by the number of positive 
orrelationevents (P). The measured mixing asymmetry is given byAmeas = P �NP +N : (3.9)Our produ
tion 
avor tagger has some probability pSSTw of being wrong when assigningthe produ
tion 
avor. The de
ay 
avor tagger also has a probability plepw of getting thede
ay 
avor wrong. We 
an relate the number of mixed, M , and unmixed, U , neutralB mesons to the number of positive 
orrelation and negative 
orrelation events asfollows:P = [(1� pSSTw )(1� plepw ) + pSSTw plepw ℄U + [pSSTw (1� plepw ) + plepw (1� pSSTw )℄MN = [(1� pSSTw )(1� plepw ) + pSSTw plepw ℄M + [pSSTw (1� plepw ) + plepw (1� pSSTw )℄U:(3.10)The measured asymmetry is thusAmeas = (1� 2pSSTw )(1� 2plepw ) 
os �mdt: (3.11)We 
an see that the amplitude of the os
illation is redu
ed by the mistag rates forprodu
tion and 
avor tagging. We de�ne the produ
tion 
avor and de
ay 
avor62



dilutions as DSST = 1� 2pSSTw (3.12)Dlep = 1� 2lepw ; (3.13)so that the measured asymmetry is expressed asAmeas = DSSTDlep 
os �mdt: (3.14)If the mistag probabilities were 12 (the worst 
avor tagger possible is one whi
h sele
tsthe 
avor at random - su

eeding 12 of the time), then the dilutions would be 0:0 andthere would be no measured asymmetry and thus nothing from whi
h to extra
t�md. In this analysis we determine the de
ay 
avor tagging dilution from the sample
omposition of the data, while we measure the produ
tion 
avor tagging dilutionsimultaneously with the measurement of �md.The Proper Time ResolutionThe proper time of de
ay for a B meson 
an be determined from the velo
ity of themeson, the boost, and distan
e between the primary vertex, where the B meson wasprodu
ed, and the se
ondary vertex, where the B meson de
ayed. Be
ause of thedete
tor design and the fa
t that there is an unknown boost for ea
h event in the zdire
tion, we only have physi
al quantities transverse to the beam axis at our disposalin re
onstru
ting the proper time of de
ay. We 
all the distan
e traveled by the Bmeson in the transverse (r��) plane Lxy. Figure 3-7 shows a sket
h of the de�nitionof this variable. We 
an express the proper time of de
ay in terms of Lxy and thetransverse momentum of the B meson. If the total distan
e in three dimensionsbetween the primary vertex and the se
ondary vertex is Lxyz and the parti
le has avelo
ity v and boost 
, then the proper de
ay time is simply Lxyz
v . Multiplying thenumerator and denominator by sin � where � is the angle between the ve
tor pointingfrom the primary vertex to the se
ondary vertex and the z�axis, we gett = LxyMBpt(B) ; (3.15)63



where MB is the mass of the meson, pt(B) is the transverse proje
tion of the mo-mentum of the B, and we have used the relationship p = MBv
. Unfortunately we
an not determine Lxy and pt(B) with perfe
t a

ura
y. We distinguish the measuredtransverse distan
e Lmeasxy from the true quantity Lxy with a supers
ript on the vari-able. The measured proper time 
an di�er from its true value for a variety of reasons,in
luding the in
lusion of tra
ks not asso
iated with the B in the se
ondary vertex,a large 
ight distan
e of the D from a B de
ay, the la
k of in
lusion of some of thede
ay produ
ts of the B, and most importantly, an imperfe
t re
onstru
tion of thetra
ks in the event. We don't know the momentum of the B, pt(B), suÆ
iently welleither. Sin
e we do not do a re
onstru
tion of the B in this analysis, we don't knowwith any 
ertainty, other than for the tra
ks in the se
ondary vertex itself, whi
htra
ks 
orrespond to daughters of the B de
ay. We take the momentum of the B jetproje
ted into the transverse plane, pt(jet), as an approximation for pt(B). In termsof these measured quantities we 
an de�ne the pseudo-proper time, t0 ast0 = Lmeasxy MBpt(jet) : (3.16)The pseudo-proper time is the best estimate for t using only measured quantities.The mixing probability distributions shown in Equation 3.7 and the asymmetry inEquation 3.14 are fun
tions of the proper time but we 
an only measure fun
tionsof the pseudo-proper time. We therefore need to relate fun
tions of the proper timeto fun
tions of the pseudo-proper time. We use the Monte Carlo to determine the
onvolution fun
tions that relate the expe
ted asymmetry as a fun
tion of propertime, t, to the expe
ted asymmetry as a fun
tion of pseudo-proper time, t0.Ba
kground Parti
le Spe
iesSo far we have only dis
ussed the asymmetry due to B0 mesons. The b quark mayalso hadronize into other b hadrons. In some 
ases the event is really a 
�
 event whi
hhas been mis-identi�ed as a b�b event. The asymmetries due to these other parti
le
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Figure 3-7: Lxy is the distan
e between the primary vertex (where the Bmeson is produ
ed) and the se
ondary vertex (where the B meson de
ayed)in the transverse plane.spe
ies are mu
h simpler sin
e they do not mix. 3 We measure the produ
tion 
avortagging dilution for B0 and B+ dire
tly in the data, and we use the Monte Carlo forthe determination of the 
avor tagging dilution for the other parti
le spe
ies on whi
hwe tag. The pro
edure for doing this will be dis
ussed in detail in Chapter 7. Forea
h parti
le spe
ies we 
ompute a positive 
orrelation probability density fun
tion�parti
leP and a negative 
orrelation probability density fun
tion �parti
leN . The overallprobability density fun
tions are then�P (t0) = Xparti
le �parti
leP fparti
le (3.17)�N (t0) = Xparti
le �parti
leN fparti
le; (3.18)3The Bs os
illates as well, but with a period that is small 
ompared to the proper time binning,thus averaging out over any given bin. The D0 also os
illates, but very slowly on our time s
ale.
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where fparti
le is the fra
tion of Se
ondary verti
es that are due to the de
ay ea
hparti
le spe
ies. We de�ne the �2 to be:�2 = Xi (�P (t0i)��N (t0i)�P (t0i)+�N (t0i) � Ameasi )2�2i (3.19)where � is the error on the measured asymmetry and the sum is over pseudo-propertime bins for the ele
tron and muons samples. We minimize this �2 with respe
t tothe parameters we wish to determine (in
luding �md).3.4 A Note About SST Algorithms Used with In-
lusive Lepton DataSin
e we do not re
onstru
t the de
ays of the B mesons in our sample, there are Bdaughter tra
ks whi
h have not been in
luded in the se
ondary verti
es and thereforeare not identi�ed with the B meson de
ays. Su
h tra
ks, having 
ome from the de
aysof B mesons, 
an have no information about the produ
tion 
avor of B mesons. Thesetra
ks will appear to have 
ome from the primary vertex and are likely to be mistakenfor the intended SST 
harged tra
ks. When the rate of su
h mistakes is high, thereis a substantial degradation of the 
avor tagging power of the SST algorithm. It istherefore important to �nd ways to distinguish su
h missed B daughter tra
ks fromprimary tra
ks and thus to keep them from 
ontributing to the determination of theprodu
tion 
avor. We do this by identifying tra
k properties whi
h are suÆ
ientlydi�erent for these two 
lasses of tra
ks and 
ompute the probability, as a fun
tionof these tra
k properties, of being a missed B daughter for every tra
k in the event.Only those tra
ks with a small probability of being a B daughter are used in thedetermination of the produ
tion 
avor.3.5 Summary of Methods in This AnalysisThe main ingredients to this mixing measurement are:66



� Identify b�b events by �nding se
ondary verti
es with high pt leptons.� Determine the produ
tion 
avor of a B meson by using a form of the same-sidetagging method.� Determine the de
ay 
avor of a B meson by exploiting the 
orrelation betweenthe 
harge of the lepton from semi-leptoni
 de
ays of the B and the de
ay 
avorof the B.� Re
onstru
t the proper time of the de
ay using the Lmeasxy , pt(jet) and a MonteCarlo simulation.� Compute the expe
ted asymmetry due to B0 mesons and ba
kgrounds as afun
tion of t0 and �nd the �md whi
h minimizes the �2 fun
tion shown inEquation 3.19.
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Chapter 4
Data and Monte Carlo Samples
In this 
hapter we des
ribe the event sele
tion 
riteria applied to the data and thedetermination of the sample 
omposition. The Monte Carlo sample used in thisanalysis is also des
ribed.The data sample 
onsists of events in whi
h a se
ondary vertex that in
ludes ahigh pt lepton has been re
onstru
ted. We present the lepton sele
tion 
riteria inse
tion 4.1. Next, we des
ribe the se
ondary vertex �nding algorithm in se
tion 4.2.In se
tion 4.3 we dis
uss the Monte Carlo samples whi
h are used throughout thisanalysis. Finally, in se
tions 4.4-4.8, we present the determination of the sample
omposition, whi
h is done in part with the use of the Monte Carlo samples.4.1 Lepton Sele
tion CriteriaWe 
all the highest pt lepton 
andidate in an event the trigger lepton, sin
e most ofthe time this is the tra
k whi
h satis�ed the in
lusive lepton trigger requirements.We used the trigger lepton to seed the b jet �nding algorithm. Se
ondary verti
eswere sear
hed for inside of 
andidate b jets. We say that a tra
k is a member of ase
ondary vertex if it is one of the tra
ks used by the vertexing algorithm to de�ne these
ondary vertex. The trigger lepton was required to be a member of the se
ondaryvertex. 68



4.1.1 Ele
tron Sele
tion CriteriaThe signature of an ele
tron is a CTC tra
k whi
h points to a shower in the ele
tro-magneti
 
alorimeter. We required that the ele
tron 
andidates be within the �du
ialvolume of the SVX, sin
e they are required to be a member of a se
ondary vertex. Wealso made kinemati
 requirements based on the transverse momentum, pt, transverseenergy, Et (the energy in the 
alorimeters weighted by sin � of the 
alorimeter tower),and the ratio of hadroni
 to ele
tromagneti
 energy, EhadEem (sin
e ele
trons shower inthe ele
tromagneti
 
alorimeter and not in the hadroni
 
alorimeter). In addition tothese kinemati
 requirements, the transverse pro�les of the shower shapes in the 
en-tral ele
tromagneti
 
alorimeter are required to be 
onsistent with the expe
tationsbased on test-beam measurements of known ele
trons. Finally, the ele
tron tra
kis required to extrapolate into the 
enter of the ele
tromagneti
 shower. Ele
tron
andidates were required to satisfy the following requirements:� pt > 6:0 GeV,� Et > 7:5 GeV,� EhadEem < 0:04,� Shower Pro�le mat
hes test-beam ele
trons pro�les, as measured by a �2 
om-parison,� �z between extrapolated tra
k and shower wire < 3:0 
m,� �x between extrapolated tra
k and shower wire < 1:5 
m.4.1.2 Muon Sele
tion CriteriaThe signature of a muon is a re
onstru
ted CTC tra
k that extrapolates into themuon 
hambers 
lose to the hits in those 
hambers, 
onsistent with errors in thetra
k parameters and de
e
tions of the muon path due to multiple s
attering. Muons
andidates must be within the SVX �du
ial volume and to have hits in the CMU andin the CMP 
hambers. The only kinemati
 requirement on the muon 
andidate is69



applied to the transverse momentum. Muon 
andidates were required to satisfy thefollowing:� pt > 6:0 GeV,� Muon 
andidates are required to have hits in the Central Muon Chamber(CMU),� Muon 
andidates are required to have hits in the Central Muon Upgrade Cham-ber (CMP),� The CTC tra
k extrapolates to the CMU hits,� The CTC tra
k extrapolates to the CMP hits.4.2 Se
ondary Vertex FindingOn
e a trigger lepton was identi�ed, we looked for se
ondary verti
es that in
ludedthe trigger lepton. The algorithm [25℄ that we used to �nd se
ondary verti
es lookswithin 
andidate B jets for sets of tra
ks whi
h form a vertex that is signi�
antlydispla
ed from the primary vertex. The �rst step toward �nding se
ondary verti
esis therefore to �nd 
andidate B jets. For our purposes, a jet is a 
olle
tion of tra
ksdire
ted in the same solid area region. The measure of solid angle that we use is�R = p��2 + ��2. Note that by using this de�nition the solid angle is invariantwith respe
t to boosts in the z dire
tion. Tra
ks that are within �R of an axis aresaid to fall within a 
one of radius �R about that axis. Figure 4-1 is a depi
tion of a�R 
one about a jet axis, the ve
tor sum of the momenta of the tra
ks whi
h 
omprisethe jet. The jet �nding algorithm [26℄ iteratively merges 
andidate jets until all jetsare separated in �R. In this analysis we used 
ones with a radius of 1:0 to de�nejets. The initial seeds for the jets are single tra
ks with pt > 1 GeV/
. The mergingpro
eeds from the highest to the lowest pt tra
ks, starting with trigger lepton. On
ethe iterative merging is 
omplete, lower pt tra
ks are added to jets a

ording to the70



Jet Axis
∆R

Figure 4-1: The tra
ks in a jet are all inside a 
one de�ned by the jet axisand �R.
ones in whi
h the low pt tra
ks fall within. All tra
ks in a jet are required to have atransverse momentum of at least 400 MeV/
.On
e we had 
andidate B jets we looked for se
ondary verti
es in the jet whi
h
ontained the trigger lepton. The se
ondary vertex algorithm applies two passes to thejet. In the �rst pass, it looks for verti
es with three or more tra
ks while in the se
ondpass it looks for verti
es with two tra
ks. In either 
ase the trigger lepton is requiredto be one of the tra
ks in the vertex. The distan
e in the transverse plane between atra
k and the primary vertex at the point of 
losest approa
h, the impa
t parameterwith respe
t to the primary vertex, is a useful quantity when distinguishing primaryfrom se
ondary tra
ks. This quantity, dpv, is depi
ted in Figure 4-2. The error onthe impa
t parameter with respe
t to the primary vertex, �pv, is largely determinedfrom the SVX resolution. Every tra
k in the se
ondary vertex must have an impa
tparameter signi�
an
e, dpv=�pv, of at least 2:0. Tra
ks are added to a se
ondary vertexonly if they are inside a 
one with a radius of �R = 0:7 of the ve
tor pointing fromthe primary vertex to the se
ondary vertex. In the �rst pass, tra
ks with at least 500MeV/
 are 
onsidered for vertexing while for the se
ond pass, only tra
ks with at least750 MeV/
 are allowed to be a part of the vertex. Note that sin
e the trigger lepton71
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vertexFigure 4-2: The impa
t parameter, dpv, is the distan
e of 
losest of approa
h to theprimary vertex.is required to be in the se
ondary vertex, at least one of the tra
ks has a transversemomentum of at least 6 GeV/
. We required the Lxy signi�
an
e, Lxy=�Lxy , to be atleast 1:5. We also required the Lxy to be at least 1:2 mm. The de
ays of Ks mesonsand � baryons were removed from the sample of vertex 
andidates. Both parti
lesde
ay to two oppositely 
harged tra
ks: Ks ! �+��, � ! p��. A tra
k is 
onsideredpart of a Ks or � vertex if it forms a vertex with an oppositely 
harged tra
k that hasa mass 
onsistent with the Ks (within 10 MeV/
) or � (within 6 MeV) mass. Tra
ksthat are 
onsidered part of a Ks or � de
ay are not 
onsidered by the vertex �ndingalgorithm.When the se
ondary vertex 
onsists of all of the daughters from a B de
ay, theinvariant mass of the vertex equals the B mass. The neutral daughters of the Bdo not leave tra
ks, however, and some of the daughter tra
ks are not part of thevertex so in general the invariant mass of the vertex will be less than the B mass.We de�ne the \se
ondary vertex mass" to be the invariant mass of the tra
ks in these
ondary vertex assuming ea
h tra
k 
orresponds to a parti
le with the pion mass
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and 3�momentum ~pi:M2vertex = (Xi (m2� + ~pi � ~pi) 12 )2 � (Xi ~pi) � (Xi ~pi): (4.1)We required Mvertex < MB: After applying these requirements we found 59881 B
andidates with a semi-leptoni
 ele
tron de
ay and 63674 
andidates with a semi-leptoni
 muon de
ay.4.3 Monte Carlo SamplesThe Monte Carlo was used in several aspe
ts of this analysis. The fra
tion of prompt
harm in the ele
tron and muon in
lusive lepton data samples are determined fromthe Monte Carlo shapes of the se
ondary vertex mass distributions for prompt 
harmand bottom events. The resolution of the observed proper time, depending on theLxy resolution and the estimation of the transverse momentum of the B via themeasurement of the transverse momentum of the B jet, is also determined fromMonte Carlo. Furthermore, the fra
tion of trigger leptons due to sequential de
aysof the b quark is determined from the Monte Carlo. The model of SST tagging of Bdaughters is based on Monte Carlo results. Finally, the SST algorithm was optimizedusing Monte Carlo studies, but the performan
e of the algorithm is measured in thedata.We used version 5.7 of the Pythia Monte Carlo [20℄ to generate in
lusive leptonbottom and 
harm samples. The Lund string model is used to simulate fragmentationby this generator. Several parameters used in Pythia were tuned [27℄ so that distribu-tions related to B fragmentation generated by the Monte Carlo mat
hed those mea-sured at CDF. These data/Monte Carlo 
omparisons were done in a re
onstru
tedB+ ! �l+ �D0; D0 ! K+�� sample. The tra
ks in the event were separated into\near" and \far" regions with respe
t to the B de
ay. Tra
ks in a 
one of radius 1:0about the ve
tor sum of the momenta of the tra
ks identi�ed with the B de
ay bya re
onstru
tion algorithm were 
onsidered to be near tra
ks while tra
ks outside ofthis 
one were 
onsidered far region tra
ks. Tra
ks in the far region are predominately73



due to the underlying event while tra
ks in the near region are due to the underlyingevent or the B jet.First, in the far region, the pt and tra
k multipli
ity as a fun
tion of �� (betweenthe tra
k and the re
onstru
ted B momentum ve
tor) distributions were tuned. On
ethese underlying event distributions were modeled well, the multipli
ity in the nearregion was tuned. This tuning pro
ess was iterated until the distributions from theMonte Carlo mat
hed the data in both the near and far regions. Results of this tuning
an be seen in referen
e [27℄.Hadrons de
ays were simulated using the QQ Monte Carlo [28℄ whi
h uses ISGW��[29℄ matrix elements to model semi-leptoni
 heavy 
avor de
ays.We used the QFL' CDF dete
tor simulation [30℄ to simulate the dete
tor responseto generated events. Tra
ks in the CTC are 
reated by smearing generated parti
lepaths by parameterized resolution fun
tions. A better tra
king generation model isused for the SVX in whi
h hits are simulated and the standard SVX pattern re
og-nition algorithm is deployed to re
onstru
t tra
ks.In order to ensure similar kinemati
s between the Monte Carlo and the data, were-weighted Monte Carlo events in su
h a way as to reprodu
e the data trigger leptonpt distribution, as shown in Figures 4-3. The weights were determined by taking theratio of histograms of the lepton pt distributions of data to Monte Carlo results andusing a look-up table based on the pt bin that a trigger lepton fell into. The shape ofthe lepton pt spe
trum was s
ulpted on the basis of the pt dependen
e of the in
lusivelepton trigger eÆ
ien
ies, whi
h is diÆ
ult to model in the Monte Carlo.
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Figure 4-3: Comparison between Monte Carlo and data of the muon pt (top) ele
tron pt(bottom) after weighting (they are for
ed to agree).
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4.4 Fake Ele
tron Trigger Fra
tionSome of the trigger ele
trons are a
tually hadrons that pass the ele
tron sele
tion
riteria. We 
an determine the fra
tion of trigger ele
trons 
andidates that are notreal ele
trons by �tting the ionization energy loss, dEdX , distribution for the ele
tron,pion, kaon, and proton fra
tions.As mentioned in se
tion 2.3.6, the most probable value of energy loss due to ioniza-tion for a 
harged parti
le is a fun
tion of the velo
ity of the parti
le. A simultaneousmeasurement of the dEdX (and thus velo
ity) and the momentum of a parti
le providesa determination of the mass of the parti
le and hen
e a parti
le identi�
ation. Fig-ure 4-4 shows the expe
ted value of energy loss, as measured in nanose
onds1 forele
trons, pions, muons, kaons, and protons as fun
tion of momentum. The averageseparation, in dEdX , between ele
trons and hadrons for the trigger ele
tron pt spe
trumare as follows: * dEdX e � dEdX �� + = 0:7 (4.2)* dEdX e � dEdXK� + = 1:7 (4.3)* dEdX e � dEdX p� + = 2:3; (4.4)where dEdX e, dEdX �, dEdXK, and dEdX p are the dEdX values for ele
trons, pions, kaons, and protonsrespe
tively. These separations are large enough to distinguish the ele
tron fra
tionfrom the other 
omponents.For ea
h trigger ele
tron we determined the dEdX for the tra
k as well as the expe
teddEdX under the hypotheses that the tra
k belongs to an ele
tron, pion, kaon, and proton.Sin
e the ele
tron 
andidate does not have hits in the muon 
hambers and sin
e themuon and pion dEdX distributions are so similar, we do not in
lude a muon 
omponent.The probability of observing dEdX i for the ith event is given by�(dEdX i) = Xp �(dEdX i; p)fp; (4.5)1 dEdX is determined from the digital pulse width between leading and trailing edge times for CTChits in superlayers three through eight. 76



where �( dEdX i; p) is the probability of �nding dEdX i given the tra
k is a parti
le of typep and fp is the fra
tion of events due to parti
le p. The probability �( dEdX i; p) is givenby � dEdX i; p! = e( dEdX i� dEdX jp)2=2�2iq2��2i ; (4.6)where dEdX jp is the expe
ted dEdX under the hypothesis that the tra
k 
orresponds to aparti
le of type p and �i is the width on the expe
ted value. We modify Equation 4.5so that we 
an �t for the total number of events as well by releasing the 
onditionthat Pp fp = 1 and repla
ing it with n = N Pp fp where n is the number of �t eventsand N is the number of observed events. Then we have�(dEdX i) = Pp �( dEdX i; p)fpPp fp ; (4.7)and we have for the likelihoodL = Nne�Nn! Yi �(dEdX i): (4.8)We minimized � logL to determine the parti
le fra
tions. We required that thenumber of CTC hits be greater than 24 in order to ensure that the distributions areproperly Gaussian (to eliminate the tails). We �nd that the non-ele
tron 
omponentsto the �t is extremely small: f efake = 0:004� 0:002: (4.9)Figure 4-5 shows the ( dEdX i � dEdX p)=�i distribution for all of the trigger ele
trons witha 
entral Gaussian super-imposed.
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Figure 4-4: The expe
ted dEdX as a fun
tion of tra
k momentum for muons,pions, ele
trons, kaons, and protons.
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Figure 4-5: The ( dEdX i � dEdX e)=�i distributions for the trigger ele
trons, with a 
entralGaussian 
orresponding to the ele
tron 
ontribution super-imposed.
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4.5 Ele
tron Conversion Fra
tionA fra
tion of the trigger ele
trons are a
tually ele
trons from photon 
onversions(
 ! e+e�) rather than heavy 
avor de
ays. Figure 2-11 is the Feynman diagramfor photon 
onversions. We 
an determine the fra
tion of ele
tron 
onversions bysear
hing for a 
onversion partner for ea
h trigger ele
tron. Conversion partners
an be identi�ed by the fa
t that 
onversion pairs 
ome from a massless parti
le (aphoton) and thus there should be no opening angle between the tra
ks. At the pointof 
onversion, the two tra
ks should just barely tou
h. In order to �nd all of the
onversions pairs for whi
h the trigger lepton's 
onversion partner is re
onstru
ted,we use very loose requirements on the 
onversion partner.In this 
ase, most of the 
onversion partners are really 
ombinatorially dominatedhadrons rather than ele
trons. We use the dEdX spe
trum for the partner 
andidatesto identify the fra
tion that are really ele
trons. If we were fully eÆ
ient at re
on-stru
ting tra
ks then the ratio of the total number of 
onversions to the number of
onversion 
andidates would simply be the ele
tron fra
tion found by �tting the dEdXspe
trum. We are not, however, fully eÆ
ient at re
onstru
ting low pt tra
ks, and wemust 
orre
t for this ineÆ
ien
y, whi
h we do using a method similar to that foundin referen
e [31℄. We estimate the eÆ
ien
y for re
onstru
ting low pt 
onversion part-ners by �tting the pt spe
trum at high pt to an exponential distribution. We assumethat the pt distribution at low pt is also governed by this exponential and 
omputethe eÆ
ien
y from the data pt distribution.Every tra
k in the event is tested for the hypothesis that the tra
k and the triggerele
tron form a 
onversion pair. A tra
k is a

epted as a 
onversion pair 
andidate ifthe following 
onditions are met:� r-� Separation at tangent point < 0:5 
m,� �
otan(�) < 0:06,� z Mismat
h at tangent point < 5 
m,� �10 
m < radius of 
onversion < 50 
m,80



� �� < 0:05,� Pointing residual to origin < 1:0 
m.Figure 4-6 shows the ( dEdX i � dEdX e)=�i distribution for the 
onversion 
andidates. We
an see that the distribution is dominated by non-ele
tron tra
ks. After requiring that

Figure 4-6: The histogram is the ( dEdX i � dEdX e)=�i distribution for the 
onversion partner
andidates. The super-imposed fun
tion shows the ele
tron 
ontribution.there be at least twenty-four CTC hits, we used the likelihood fun
tion of Equation4.8 to determine that the ele
tron fra
tion of the 
onversion 
andidates is 0:17�0:02.Figure 4-7 shows the pt distribution for the 
onversion 
andidates. The ratio of areasof the histogram and the exponential �t gives an eÆ
ien
y of � = 0:77 � 0:02. The
onversion fra
tion is given by f
onv = feNloose�Ntot where fe is the ele
tron fra
tion ofthe 
onversion 
andidates, Nloose is the number of events with a 
onversion 
andidate81



Figure 4-7: pt spe
trum for the 
onversion 
andidates with an exponential �t used todetermine the pt eÆ
ien
y.using the loose 
riteria, and Ntot is the total number of events. We measure:f
onv = 0:008� 0:001: (4.10)
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4.6 Ele
tron Prompt Charm Fra
tionWe use the mass of the se
ondary vertex, as de�ned in Equation 4.1, in order todis
riminate between verti
es due to prompt 
harm de
ays and verti
es due to bhadron de
ays. The mass of the b quark is suÆ
iently heavier than the 
 quark to allowfor a separation of the two samples. The events for whi
h the trigger lepton is reallya hadron or 
onversion 
andidate still have se
ondary verti
es due to heavy 
avorde
ays, and thus have se
ondary verti
es with masses whi
h dis
riminates betweenprompt 
harm and prompt bottom de
ays. Sin
e the fake and 
onversion fra
tions areso small, we are justi�ed in �tting the se
ondary vertex mass distribution with bottomand 
harm templates only anyway. We therefore use templates from the Monte Carlofor the se
ondary vertex mass distribution for 
harm and bottom events. We performa binned histogram �t in whi
h the normalization of b�b template was allowed to 
oatand the bottom and 
harm 
ontributions were 
onstrained to be 100%. Figure 4-8shows these distributions. The b�b fra
tion was determined to bef ebb = 0:96� 0:01: (4.11)
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Figure 4-8: The se
ondary vertex mass distribution for the ele
tron data with MonteCarlo templates used to �t the b�b fra
tion.
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4.7 Muon Fake Fra
tionSome fra
tion of the trigger muon 
andidates are hadrons masquerading as triggermuons. Be
ause we 
an not separate muons from pions using dEdX (see Figure 4-4) wemust employ another method to determine this fra
tion. Furthermore when a pion orkaon de
ays to a muon in 
ight, we would still 
onsider this muon to be a fake sin
eit is not the B de
ay produ
t with the proper 
harge 
orrelation to the B 
avor.We are only 
on
erned when the trigger muon 
andidate is a \fake" and has a
harge whi
h is not properly 
orrelated to the de
aying B 
avor. When the 
hargeof the fake muon properly identi�es the de
ay 
avor of the B meson, we may treatthe fake muon as if it were a real muon. We must determine, therefore, the fra
tionof trigger muon 
andidates whi
h have the wrong 
harge-
avor 
orrelation. We 
allthis fra
tion the wrong-sign muon fake fra
tion, f�ws�fake.Sin
e the produ
tion 
avor tagging (SST) is 
ompletely un
orrelated to the de
ayof the B meson, the SST dilutions in the ele
tron and muon samples are the same. Thede
ay 
avor tagging dilution depends on the sample 
omposition, whi
h is di�erentbetween the ele
tron and muon samples. We determine all of the sample 
ompositionfra
tions in both samples ex
ept the wrong sign fake fra
tion, whi
h we 
an thereforedetermine from a 
omparison of the produ
tion and de
ay 
avor tagging dilutions.This will be dis
ussed in greater detail in Chapter 7, when the 
onstru
tion of the�tter is presented. The wrong-sign fake fra
tion is determined to befmuws�fake = 0:02+:03�:02: (4.12)The total muon fake fra
tion is twi
e this value, or 0:04+:06�:04.4.8 Muon Prompt Charm Fra
tionWe determine the muon 
harm fra
tion using the same method as was used to de-termine the ele
tron 
harm fra
tion. Monte Carlo templates of the se
ondary vertexmass distributions for b�b and 
�
 are used to �t the se
ondary vertex mass distributionin the data. Figure 4-9 shows the result of this �t.85



We determined the b�b fra
tion to bef�bb = 0:92� 0:01: (4.13)

Figure 4-9: The se
ondary vertex mass for the muon data with Monte Carlo templatesused to �t the b�b fra
tion. One 
an see a peak in the Monte Carlo and data due to  ! ��where there are two tra
ks in the se
ondary vertex.
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4.9 b�b and 
�
 Parti
le Spe
iesBottom and 
harm quarks 
an fragment into a variety of long-lived hadrons whosede
ays provide se
ondary verti
es in our ele
tron and muon samples. From bottomquarks, we �nd B0, B� and Bs mesons as well as �b baryons. From 
harm quarks, we�nd D0, D�, and Ds mesons. �
 is not in
luded be
ause we �nd in the Monte Carlothat we rarely re
onstru
t a se
ondary �
 vertex. This is unsurprising given the shortlifetime of the �
 (��
 = 0:206ps [4℄). We expe
t all of these hadrons to 
ontribute tothe measured asymmetry and we therefore a

ount for them in the determination of�md.

87



Chapter 5
The Proper Time of De
ay
In this 
hapter we present the re
onstru
tion of the proper time of de
ay for Bmesons. Be
ause of imperfe
t re
onstru
tion of the distan
e traveled before de
ayand imperfe
t determination of the B momentum, we are not able to re
onstru
t theproper time perfe
tly. The method for handling these resolutions is presented.5.1 Proper Time Re
onstru
tionFor a B meson whi
h travels during its lifetime a distan
e Lxyz in the lab frame at avelo
ity v (with a momentum of p = MBv
), the proper time, t, is given byt = Lxyz
v = Lxyz sin(�)
v sin(�) = LxyMBpt(B) ; (5.1)where � is the angle between the momentum of the parti
le and the z axis in the labframe, Lxy is the distan
e in the lab frame traveled by the parti
le transverse to the zaxis, and pt(B) is the momentum of the B meson transverse to the z axis. We are notable to re
onstru
t the proper de
ay time perfe
tly, and thus measure distributionsas a fun
tion of the re
onstru
ted pseudo-proper time, t0:t0 = Lmeasxy MBpt(Jet) ; (5.2)where Lmeasxy is the measured distan
e between the primary and se
ondary verti
esand pt(Jet) is the transverse momentum of the se
ondary vertex tagged B jet. We88




ompute pt(Jet) as the total transverse 
omponent of the ve
tor sum of the momentaof the tra
ks that make up the jet 1:pt(Jet) = j(Xi ~pi)� ẑj: (5.3)The mixing probability density fun
tions are 
omputed from basi
 physi
al prin
iplesas fun
tions of proper time (see Equation 1.20). In order to extra
t the value of �mdfrom the data we need to determine the fun
tions in terms of the pseudo-proper time.The transformation from a fun
tion of the proper-time to a fun
tion of the pseudo-proper time is 
alled the \smearing" of the fun
tion. We 
onsider two independentsour
es for smearing a fun
tion of proper time, the B momentum resolution and theLxy resolution.Suppose we know the 
onditional probability fun
tion, ��(t0; �md), of the pseudo-proper time t0. In order to in
orporate the e�e
t of an imperfe
t determination of theB momentum, we de�ne a s
ale fa
tor for the re
onstru
ted momentum:k = pt(Jet)pt(B) : (5.4)We de�ne the k�fa
tor distribution, D(k), to be the probability density that pt(Jet)pt(B)takes on the value k. We 
an write ��(t0; �md) as an expansion integral over thedi�erent k possibilities: ��(t0; �md) = Z dkD(k)��(t0; k;�md); (5.5)where ��(t0; k;�md) is the 
onditional probability distribution given k and �md as afun
tion of t0. We have used the fa
t that the k�fa
tor distribution does not dependon �md. Next we expand, in a similar fashion, over the true proper time. Theprobability density for �nding an event with a true proper time, t, 
onditioned upon�md, is �(t; �md). It is the fun
tion �(t; �md) that we 
an 
ompute from physi
alprin
iples. We have��(t0; �md) = Z dkD(k) Z dt��(t0; �md; k; t)�(t; �md): (5.6)1Re
all that the tra
ks that 
omprise a jet are those that fall inside a 
one of radius 1:0 aboutthe jet axis. 89



We 
an rewrite this as a 
onvolution over a resolution fun
tion by applying a variabletransformation ��((t0; �md; k; t) ! R(t0 � t=k). The resolution fun
tion, R, does notdepend 
onditionally on k sin
e it has been normalized out in t=k. We therefore have��(t0; �md) = Z dkD(k) Z dtR(t0 � t=k)�(t; �md): (5.7)Equation 5.7 shows the smearing transformation from �(t; �md) to ��(t0; �md) in termsof the probability distribution over t0 � t=k, and the probability distribution over k.Both the resolution fun
tion, R, and the k�fa
tor distributions, D, are determinedfrom Monte Carlo.5.2 k-Fa
tor DistributionsThe transverse momentum of the se
ondary vertex tagged jet is not equal to thetransverse B momentum be
ause the jet momentum determination is sus
eptible toerrors in the measurement of tra
ks in the jet, the la
k of in
lusion of neutral B daugh-ters, and the in
lusions of non-B daughter tra
ks asso
iated with the fragmentationleading to the B and the underlying event.The pt(Jet) distributions for ele
tron data and Monte Carlo are shown in Figure5-1. The distributions for the muon data and Monte Carlo is shown in Figure 5-2.We 
an see that the Monte Carlo does very well at simulating the observed jet ptspe
trum.Every parti
le spe
ies has a di�erent de
ay multipli
ity and di�erent kinemati
s.We therefore used di�erent Monte Carlo derived k�fa
tor distributions for ea
h par-ti
le spe
ies. Figure 5-3 shows the k-fa
tor distributions for ele
tron and muon b�bMonte Carlo and Figure 5-4 shows the k-fa
tor distributions for ele
tron and muon
�
 Monte Carlo.
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Figure 5-1: The transverse momentum for se
ondary vertex tagged jets from ele
trondata and Monte Carlo samples.
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Figure 5-2: The transverse momentum for se
ondary vertex tagged jets from muon dataand Monte Carlo samples.
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Figure 5-3: Binned k-fa
tor distribution from the ele
tron and Muon Monte Carlo samplesfor the b�b parti
le spe
ies.
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Figure 5-4: Binned k-fa
tor distribution from the ele
tron and muon Monte Carlo samplesfor the 
�
 parti
le spe
ies.
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5.3 The Proper Time ResolutionWe determined the resolution fun
tion R(t0� t=k) from the Monte Carlo. The propertime resolution is determined by the Lxy resolution and the observed jet pt spe
trum:R(t0 � t=k) = R( MBpt(jet)�Lxy): (5.8)We saw in Figures 5-1 and 5-2 that the Monte Carlo reprodu
es the jet pt spe
trumwell. Figures 5-5 and 5-6 show that the Monte Carlo also reprodu
es the observedLxy spe
trum a

urately. Finally, the Monte Carlo pseudo-proper time distributionalso mat
hes well with the data for ele
trons and muons, as 
an be seen in Figure 5-7and 5-8. We therefore have 
on�den
e in using the Monte Carlo in determining theproper time resolution fun
tion.We parameterized the resolution fun
tion with a 
entral Gaussian, two negativeexponential tails, and three positive exponential tails. This arbitrary parameteriza-tion is the same for the muon sample and the ele
tron sample. Figure 5-9 shows theresolution fun
tion parameterization super-imposed over the proper time resolutiondetermined from the ele
tron Monte Carlo. Figure 5-10 shows the same resolutionfun
tion parameterization super-imposed over the proper time resolution determinedfrom the muon Monte Carlo.
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Figure 5-5: A 
omparison of the Lxy distributions from the ele
tron data and the ele
tronMonte Carlo samples.
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Figure 5-6: A 
omparison of the Lxy distributions from the muon data and the muonMonte Carlo samples.
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Figure 5-7: A 
omparison of the pseudo-proper time distributions from the ele
tron dataand ele
tron Monte Carlo samples.
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Figure 5-8: A 
omparison of the pseudo-proper time distributions from the muon dataand muon Monte Carlo samples.
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Figure 5-9: The resolution in proper time determined from the ele
tron Monte Carlo withthe parameterization,R(t0 � t=k), super-imposed. The distribution is asymmetri
 sin
e theD vertex pulls the Lxy to larger values.
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Figure 5-10: The resolution in proper time determined from the muon Monte Carlo withthe parameterization,R(t0 � t=k), super-imposed. The distribution is asymmetri
 sin
e theD vertex pulls the Lxy to larger values.
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Chapter 6
Flavor Tagging
In this 
hapter we present the de
ay and produ
tion 
avor tagging algorithms. Inse
tion 6.1 we dis
uss the performan
e of de
ay 
avor tagging when using the 
hargeof the trigger lepton as the tagger. In se
tion 6.2 we introdu
e the Same Side Taggingalgorithm used in this analysis for the determination of the produ
tion 
avor of Bmesons. The use of SST in an in
lusive lepton environment is 
ompli
ated by thepotential of 
onfusing B daughters with 
harge-
avor 
orrelated tra
ks. The SSTalgorithm used in this analysis is 
onstru
ted so that the e�e
t of this 
onfusion issmall. In se
tion 6.2.6 we des
ribe the residual e�e
ts of tagging on B daughterson the determination of �md. In se
tion 6.3 we present the pseudo-proper timedependent asymmetries measured in the ele
tron and muon samples.6.1 De
ay Flavor TaggingWhen the trigger lepton is a de
ay produ
t of the bottom quark of a B meson, the
harge of the trigger lepton is perfe
tly 
orrelated to the 
avor of the de
aying Bmeson, as explained in se
tion 3.3.1. Be
ause the trigger lepton 
an also 
ome fromother sour
es, the de
ay 
avor tagging dilution is less than 1:0. We determine thede
ay 
avor mistag rate from the sample 
omposition.There are four sour
es for trigger ele
trons:� The trigger ele
tron is the lepton from a b! 
l� de
ay.102



� The trigger ele
tron is really a hadron (a fake).� The trigger ele
tron 
omes from a photon 
onversion.� The trigger ele
tron is from a 
 quark whi
h is itself a de
ay produ
t of the bquark (a sequential de
ay produ
t).The fake and 
onversion fra
tions are measured from the data and the sequential fra
-tion is determined from the Monte Carlo. The probability that an ele
tron 
andidatehas the wrong 
harge is given by pfakew�e = f efake=2 when the trigger ele
tron is a fakeand by p
onvw�e = f
onv=2 when the trigger ele
tron is from a photon 
onversion. Re
allthat the des
riptions of the determination of the fake fra
tion in the ele
tron sample,f efake, is shown in se
tion 4.4 and the determination of the 
onversion fra
tion in thissample, f e
onv, is in se
tion 4.5. We determined the wrong-sign sequential fra
tion, thefra
tion of trigger ele
trons that are due to sequential 
 de
ays with a 
harge di�erentfrom the lepton expe
ted from the de
ay of the b quark that produ
ed the 
 quark,from the Monte Carlo to be pseqw�e = 0:06�0:01. The total probability that the triggerele
tron is the wrong 
harge is given bypw�e = pseqw�e(1� p
onvw�e)(1� pfakew�e ) + p
onvw�e(1� pfakew�e )(1� pseqw�e)+pfakew�e (1� p
onvw�e)(1� pseqw�e); (6.1)where we have used the fa
t that the di�erent 
ategories of wrong-sign leptons aremutually ex
lusive.Trigger muon 
andidates 
an 
ome from all of the same sour
es as the ele
tron
andidates ex
ept photon 
onversions. For muons we have the analogous 
ase forfakes, pw�� = fmuows�fake. The wrong sign sequential fra
tion is determined from MonteCarlo to be pseqw�� = 0:085�0:01. The total wrong sign probability for muon 
andidatesis given by: pw�� = pseqw��(1� pfakew��) + pfakew��(1� pseqw��): (6.2)The probability of getting a trigger muon 
andidate that is a wrong sign fake muonis a free parameter whi
h was determined from the data simultaneously with the
harged and neutral B meson 
avor tagging dilutions and �md.103



6.2 Produ
tion Flavor TaggingIn se
tion 3.3.2 we showed that, as was �rst observed by Gronau, Nippe, and Rosner[19℄, the 
avor of a B meson at the time of produ
tion 
an be inferred from the
harges of some of the parti
les that are produ
ed along with the B meson. Thisinferen
e is 
entral to the 
onstru
tion of Same Side Tagging algorithms.The SST method has been shown to work e�e
tively at produ
tion 
avor taggingof ex
lusive and partially re
onstru
ted B de
ays in analyses at CDF (see referen
es[32℄ and [33℄). In those analyses, the 
harge of a single tra
k was used to infer theprodu
tion 
avor of B mesons. Many di�erent tra
k sele
tion 
riteria were 
onsideredto �nd a strongly 
harge-
avor 
orrelated tra
k. The algorithm settled upon in theseanalyses sele
ts the 
harge of the tra
k with the smallest momentum transverse tothe B momentum ve
tor, prelt , from the potential 
andidate tra
ks as the produ
tion
avor tagger. We refer to this SST algorithm as the \minimum prelt SST algorithm."Figure 6-1 shows the de�nition of prelt . For determining prelt in the in
lusive leptonenvironment it is better to use the ve
tor pointing from the primary vertex to these
ondary vertex rather than the B momentum ve
tor as the dire
tion of B 
ight,sin
e the B momentum is not measured a

urately without an expli
it re
onstru
tionof the B meson. However, the minimum prelt algorithm does not work well with anin
lusive lepton sample be
ause it tends to sele
t, as the produ
tion 
avor tag, the
harge of B meson daughters when they have not been in
luded in the se
ondaryvertex.When a 
harged B meson daughter is not in
luded as part of the se
ondary vertex,this tra
k has an impa
t parameter with respe
t to the primary vertex that is smallenough to be 
onsidered 
onsistent with 
oming from the primary vertex. Be
ause thetra
k is a B meson daughter and be
ause of resolution e�e
ts, it will also have a smallnonzero impa
t parameter with respe
t to the se
ondary vertex, from whi
h the tra
koriginates. Su
h a tra
k, 
lose to both the primary and se
ondary verti
es, will havea small opening angle with respe
t to the B dire
tion and is therefore likely to have asmall prelt . The shorter the distan
e that a B meson travels before de
aying, the more104



likely a B daughter will have a small impa
t parameter with respe
t to the primaryvertex and thus the more likely the minimum prelt algorithm will sele
t a B daughteras the produ
tion 
avor tag. When the transverse de
ay distan
e is small, more thana third of the minimum prelt SST 
andidates are a
tually B daughters. Sin
e the de
ayprodu
ts of a B meson 
ontain no information about the its produ
tion 
avor, therate of su
h tags should be a

ounted for and minimized. We therefore abandonedthe minimum prelt algorithm and 
onstru
ted a new algorithm whi
h is less sensitiveto B daughter tra
ks.
prel
t

B + track 
momentum

momentum
track

Figure 6-1: prelt is the momentum of a tra
k transverse to the ve
tor sum of the B andtra
k momenta.We made two major modi�
ations in repla
ing the minimum prelt algorithm. Ratherthan using the 
harge of a single tra
k as the produ
tion 
avor tagger, we take thesum of the 
harge of all of the tra
ks that satisfy the SST 
andidate sele
tion 
riteria.The produ
tion 
avor determination is more robust with respe
t to in
lusion of Bdaughters when determined in this way. We 
all su
h an algorithm a \Voting SST" al-gorithm, sin
e ea
h 
andidate tra
k \votes" its 
harge, and the majority 
harge wins.It should be noted that the minimum prelt algorithm has a mu
h better performan
ein the ex
lusively re
onstru
ted environment as 
ompared to the in
lusive environ-ment, but even in re
onstru
ted and partially re
onstru
ted B samples, a Voting SST105



algorithm was found to be an improvement over the minimum prelt algorithm [34℄.We also added a tra
k requirement intended to ex
lude B daughter tra
ks fromvoting. We asso
iated with ea
h tra
k whi
h satis�ed the same quality 
riteria thatare used in the minimum prelt algorithm, a probability that the tra
k is a B daughter.This probability was 
omputed from the Monte Carlo samples as a fun
tion of tra
kparameters whi
h allowed us to distinguish primary tra
ks from se
ondary tra
ks. The
avor tag was determined by the sum of the 
harges of the tra
ks with a probabilityof being a B daughter of at most 0:3:Qsst = XpB<0:3Qi: (6.3)The value of the probability 
ut, 0:3, was determined from optimization in the MonteCarlo. For a meson whi
h is a B0 at the times of produ
tion and de
ay, Qsstqlep > 0,where qlep is the 
harge of the trigger lepton.6.2.1 Avoiding Tagging on B DaughtersPrimary tra
ks are tra
ks that originate from the primary vertex. Tra
ks of pionsfrom B�� de
ays and tra
ks of parti
les that are part of the fragmentation 
hain ofa B meson are primary tra
ks. In order to distinguish tra
ks of B daughters fromprimary tra
ks we identi�ed physi
al distributions that separate the two sour
es oftra
ks. We 
onsidered a large number of distributions and settled on two for thisanalysis. It is optimal to use all of the variables at on
e, but a

ounting for the
orrelations between the di�erent variables used for the separation of B daughtersand primary tra
ks requires a Monte Carlo sample that grows exponentially with thenumber of variables used. We used the most e�e
tive two variables, r and �R.The probability distributions over these two variables were used to distinguish Bdaughters from primary tra
ks in the SST algorithm. We therefore applied the SSTtra
k 
andidate sele
tion 
riteria, listed in se
tion 6.2.4, to the tra
ks used in the
omputation of the probability of �nding B daughters as a fun
tion of r and �R.
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The r distributionPrimary tra
ks should have small impa
t parameters with respe
t to the primaryvertex and large impa
t parameters with respe
t to the se
ondary vertex, while Bdaughters should have large impa
t parameters with respe
t to the primary vertex andsmall impa
t parameters with respe
t to the se
ondary vertex. We would thereforeexpe
t that the ratio of impa
t parameters with respe
t to the primary and se
ondaryverti
es should separate B daughter and primary tra
ks. Even for B daughters thatare not in
luded in the se
ondary vertex be
ause they have relatively small impa
tparameters with respe
t to the primary vertex, the parti
le tra
k should be 
loser tothe se
ondary vertex than the primary vertex. We weight the impa
t parameter, d, bythe error on the impa
t parameter, �, to get the impa
t parameter signi�
an
e, d=�.By using the impa
t parameter signi�
an
e rather than the raw impa
t parameter,we 
an avoid over-weighting poorly tra
ks. Also, the primary and se
ondary verti
esare determined to di�erent a

ura
ies. The distan
e between a tra
k and a vertex ismu
h more signi�
ant when the error on a vertex is small as 
ompared to when theerror is large. The � used for the 
omputation of the impa
t parameter signi�
an
e
ombines the vertex and tra
k errors. It is 
onvenient to de�ne r asr � dB=�Bdpv=�pv + dB=�B ; (6.4)where dpv is the impa
t parameter with respe
t to the primary vertex, dB is theimpa
t parameter with respe
t to the se
ondary vertex, �pv is the error of the impa
tparameter with respe
t to the primary vertex, and �B is the error of the impa
tparameter with respe
t to the se
ondary vertex. See Figure 6-2. This variable isequivalent to the ratio of impa
t parameters for separating between B daughters andfragmentation tra
ks with the added bene�t that it is bounded between 0:0 (se
ondarytra
ks) and 1:0 (primary tra
ks). The r distribution for B meson daughters andfragmentation tra
ks are shown in Figure 6-3 for ele
trons and muons. Tra
ks in
ludedin the se
ondary vertex do not 
ontribute to these distributions. The probabilitythat a tra
k is a B de
ay produ
t as a fun
tion of r 
an be 
omputed from thesedistributions as well as the overall probability that a tra
k is a B de
ay produ
t,107



r << 0.5

r >> 0.5

Primary
Vertex

Secondary
Vertex

Figure 6-2: Tra
ks that are 
loser to the primary vertex have larger values of r than tra
ksthat are 
loser to the se
ondary vertex.ptotB = NB=Ntot, where NB is the total number of B de
ay produ
ts not in
luded inthe se
ondary vertex and Ntot is the total number of tra
ks:pB(r) = B(r)P totBB(r)P totB + F (r)P totF ; (6.5)where P totF = 1� P totB , B(r) is the B distribution shown in Figure 6-3 and F(r) is thedistribution for primary tra
ks shown in Figure 6-3. This probability distribution isshown for ele
trons and muons in Figure 6-3. We 
an see that the r distribution willbe useful for distinguishing B daughters from primary tra
ks sin
e pB(r) has a 
leardependen
e on r.
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Figure 6-3: The distribution over r for B meson daughters and primary tra
ks for ele
tronand muon Monte Carlo samples. Tra
ks in the se
ondary vertex are not in
luded in the plot.The top plot is the distribution over r for B daughters, the middle plot is the distributionover r for primary tra
ks and the bottom plot is the probability that a tra
k is a B daughteras a fun
tion of r.
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The �R distributionThe �R of a tra
k is the radius of the smallest 
one about the ve
tor pointing alongthe 
ight dire
tion of a B meson that in
ludes the tra
k:�R � q��2 + ��2; (6.6)where �� = �(tra
k)��(~v); �� = �(tra
k)��(~v); and ~v is an approximation of theB dire
tion of 
ight de�ned as: vx � xsv � xpvvy � ysv � ypvvz � qv2x + v2y
ot(�) ; (6.7)where xsv(xpv) and ysv(ypv) are the x and y 
oordinates for the se
ondary (primary)vertex and � is the angle between the momentum ve
tor of the se
ondary vertextagged jet and the z-axis. Figure 6-4 shows the �R distribution for B and primarytra
ks in the muon and ele
tron b�b Monte Carlo samples. The �R distributions ofB de
ays and primary tra
ks are 
learly di�erent. The shape of the distributions atlow values of �R are s
ulpted by the square root in the de�nition of the variable.The �R distributions for tra
ks in the in
lusive ele
tron sample are di�erent fromthe distributions for tra
ks in the in
lusive muon sample. In parti
ular tra
ks tendto be at a larger �R in the ele
tron sample as 
ompared to tra
ks in the muonsample. This is a re
e
tion of the fa
t that there are di�erent sele
tion 
riteria forele
trons and muons. The ele
tron 
andidates must satisfy the requirement that therebe very little energy deposited near the ele
tron tra
k in the hadroni
 
alorimeter.This requirement e�e
tively isolates the ele
tron tra
k from the hadrons in the event,in
reasing the �R between the ele
tron and the hadrons and thus also in
reasing, onaverage, the �R between the B 
ight dire
tion and hadron tra
ks. In fa
t we wouldexpe
t that this same e�e
t would lead to slightly more peaking in the r distributionfor B daughters in ele
tron events as 
ompared to muon events, whi
h 
an also beseen in Figure 6-3. 110



This e�e
t is small in the probability distributions, espe
ially for the r variable,but more importantly exhibits a 
orrelation between the r and �R probability distri-butions. As will be seen in the next se
tion, we divide the data into �R regions andparameterize the probability distributions in r for ea
h region. These parameterizedprobabilities are the same for muons and ele
trons. The probability that a tra
k is aB de
ay produ
t as a fun
tion of �R is shown in Figure 6-4. Again we see a 
leardependen
e on the probability distribution, allowing us to di�erentiate B daughtersfrom primary tra
ks on the basis of �R.
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Figure 6-4: The distribution over �R for B meson daughters and primary tra
ks forele
tron and muonMonte Carlo samples. Tra
ks in the se
ondary vertex tag are not in
ludedin the plot. The top plot is the �R distribution for B daughters, the middle plot is the �Rdistribution for tra
ks whi
h are not B daughters and the bottom plot is the probabilitythat a tra
k is a B daughter as a fun
tion of �R.
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6.2.2 Parameterization of the Probability DistributionsWe divided the ele
tron Monte Carlo into four �R regions and 
omputed the prob-ability for a tra
k to be a B daughter as a fun
tion of r in ea
h �R region. Weparameterized these probability distributions bypB(r; a < �R < b) = (p3e�p1xp5 + p4e�p2xp6 )(p3 + p4) ; (6.8)where p1, p2, p3, p4, p5, and p6 are �t parameters and the form of the parameterizationis arbitrary. The parameterized probability distributions are shown in Figure 6-5. Byusing a di�erent probability distribution in r for ea
h �R region, the 
orrelation be-tween the two variables is a

ounted for. By using a parameterization, the algorithmis not as sensitive to 
u
tuations due to binning and �nite statisti
s in the MonteCarlo. We 
an see that the probability that a tra
k is a B daughter as a fun
tion ofr is nearly the same for the ele
tron and muon samples in ea
h �R region.
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Figure 6-5: The probability that a tra
k is a B daughter as a fun
tion of r for four di�erent�R regions. The probability distributions determined from the ele
tron and muon MonteCarlo samples as well as the parameterizations are shown.
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6.2.3 Lxy Dependen
e of the Probability DistributionsWhen a se
ondary vertex is a large distan
e from the primary vertex in the transverseplane, it is very unlikely that a tra
k originating from one of the verti
es will have asmall impa
t parameter with respe
t to the other vertex. We therefore would expe
tthe r distribution for B daughter tra
ks and primary tra
ks to have di�erent shapesat di�erent Lxy values. However, Figure 6-6 shows that the distributions in r 
hangein su
h a way as to leave the probability distribution pB(r) invariant with respe
t tolarge 
hanges in Lxy.

Figure 6-6: The probability that a tra
k is a B daughter as a fun
tion of r for threedi�erent Lxy 
uts. 115



6.2.4 Voting AlgorithmIn order to determine the produ
tion 
avor of a B meson asso
iated with a se
ondaryvertex we 
onsider the 
olle
tion of tra
ks within a 
one of radius 0:7 about the B
ight dire
tion as de�ned in Equation 6.7. Tra
ks inside of this 
one must satisfy thefollowing requirements in order to be allowed to vote in the SST algorithm:� The transverse momentum of the tra
k, pt, must ex
eed 0:4 GeV.� There must be at least two hits in the SVX.� The Impa
t Parameter Signi�
an
e of the tra
k with respe
t to the primaryvertex must be less than 3:0.� The tra
k helix should exit the CTC (the exit radius should be at least 130 
m).� There should be at least two hits in two axial superlayers and two hits in twostereo superlayers in the CTC.� The probability that the tra
k is a B daughter, as 
omputed from the r and�R value of the tra
k, is less than 0:3.The sum of the 
harge of the tra
ks that satisfy these requirements is the produ
tion
avor tag.As explained in appendix A, the proper measure of the 
avor tagger e�e
tivenessis �D2. We optimized the voting algorithm with respe
t to the probability 
ut, p
ut,by maximizing �D2 in the Monte Carlo. The Monte Carlo relationship between �D2and the value of the probability 
ut is shown in Figure 6-7.We 
onsidered a large number of other SST algorithms in
luding single tra
k algo-rithms and weighted sum algorithms but found no algorithm that was more e�e
tivethan the voting algorithm.
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Figure 6-7: The value of the 
ut on B probability (p
ut) was determined by maximizing�D2 in the ele
tron Monte Carlo. The dotted line indi
ates the value of 0:3 whi
h is usedin the voting algorithm.
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6.2.5 Charged and Neutral B Mesons and SSTAs explained in se
tion 3.3.2, the 
orrelation between the 
harge of SST tra
ks andthe produ
tion 
avor of a B meson is reversed for 
harged B mesons with respe
t toneutral B mesons. The trigger lepton and SST 
harge-
avor 
orrelated tra
ks havethe same sign when the se
ondary vertex is due to the de
ay of an unmixed neutral Bmeson while they have opposite signs when the se
ondary vertex is due to a 
hargedB meson.The strength of the 
harge-
avor 
orrelations also depends on the 
harge of thede
aying B mesons. If, during fragmentation, a strange quark rather than a lightquark is pulled from the sea, a 
harged B+ is produ
ed with a 
harged fragmentationhadron (K�) of the proper sign, but a neutral B meson is produ
ed with a neutralK0. In this 
ase, the K0 does not 
ontribute 
harge to the SST algorithm, andthe algorithm is less likely to �nd re
onstru
ted tra
ks of the right 
harge-
avor
orrelation. Therefore, the dilution for 
harged B mesons ex
eeds the dilution forneutral B mesons, as was found in referen
es [32℄ and [33℄.6.2.6 E�e
t of Tagging on B Daughters in the Voting Algo-rithmThe probability of tagging on a B daughter is well de�ned for single tra
k SSTalgorithms. In our 
ase we must be 
areful to de�ne what we mean by \tagging onB daughters" and \tagging on primary tra
ks." We would like to de�ne these termsso that they are mutually ex
lusive and B daughters 
hange the out
ome of the SSTalgorithm when tagging on B daughters o

urs. We say that we have tagged onB daughters when the sign of the SST tag has been 
hanged by the in
lusion of Bdaughters in the produ
tion 
avor tag. In other words, it is when the voting SST
harge would be a di�erent sign (or there be no 
avor tag at all) if the B voters wereremoved from the sum in Equation 6.3. When we have not tagged on B daughters wesay that we have tagged on primary tra
ks. With these de�nitions, the two 
ategoriesare ex
lusive and the B daughters are 
onsidered an issue only when they have an118



impa
t on the tagging. Be
ause the SST algorithm is restri
ted to tra
ks with asmall probability of being a B de
ay produ
t, the probability that more than one Bdaughter 
ontributes to the SST 
harge is small. When there is only one B daughterin
luded in the SST 
harge, there are only a few 
ases in whi
h it will have an impa
ton the 
harge determination. If the 
harges of the other tra
ks that 
ontribute tothe SST algorithm sum to zero, then the B daughter will determine the produ
tion
avor tag. In this 
ase there must be either no other tra
ks or an even number ofprimary tra
ks that 
ontribute to the SST algorithm. If there are an odd number ofprimary tra
ks that 
ontribute to the SST 
harge, then the B daughter will have noe�e
t unless the 
harges of the primary tra
ks sum to �1 and the B daughter is ofthe opposite 
harge of the sum. In this 
ase, the B daughter removes the tag.In Figure 6-8 we show the probability of tagging on a B daughter as a fun
tion ofLxy for the voting and minimum prelt algorithms. The minimum prelt algorithm is, asexpe
ted, mu
h more likely than the voting algorithm to sele
t the produ
tion 
avorof B mesons based on daughter tra
ks.Be
ause we de�ned tagging on B daughters and tagging on primary tra
ks in amutually ex
lusive way, we 
an treat tagging on B daughters as a sample 
omposi-tion issue. Rather than 
onsidering four b�b sour
es1 we 
onsider six sour
es: B0SST�B,B0SST�F , B+SST�B, B+SST�F , Bs, and �b. B0SST�B denotes neutral B meson verti
es forwhi
h the produ
tion 
avor is determined by tagging on B daughters and B0SST�F de-notes neutral B mesons that are tagged on primary tra
ks. The 
harged subsamples,B+SST�B and B+SST�F , are de�ned similarly. We have split the neutral and 
hargedB meson sour
es into two subsour
es ea
h. Every sour
e 
an be thought of as 
on-tributing, to the measured asymmetry Ameasured, an asymmetry (Asour
e), weightedby a dilution (Dsour
e) and the fra
tion of events (fsour
e) due to that sour
e:Ameasured = Xsour
esAsour
eDsour
efsour
e: (6.9)The B0SST�F sample, for example, 
ontributes the os
illatory asymmetry shown inEquation 3.8. Be
ause the mesons in the B0SST�F and B+SST�F samples are produ
-1There are four b hadrons that provide se
ondary verti
es: B0, B+, Bs, and �b.119



tion 
avor tagged by primary tra
ks only, the SST dilutions in these samples areindependent of proper time. We absorbed daughter-tagging into the de�nition of thedilutions for the other parti
le spe
ies, allowing them to have a pseudo-proper timedependen
e, whi
h we modeled as linear, based on Monte Carlo results, as will beshown in se
tion 7.7. In this se
tion we will 
on
entrate on the asymmetry, dilution,and fra
tion of events due to B0SST�B and B+SST�B, the daughter-tagged samples.The probability of tagging on a B daughter has a pseudo-proper time dependen
e,as 
an be seen in Figure 6-9 for neutral and 
harged B mesons. This dependen
e is are
e
tion of the fa
t that the probability of tagging on B daughters depends on Lxy.As the proper de
ay distan
e in
reases, the likelihood that a daughter tra
k pointsto the primary vertex de
reases due to a diminishing phase spa
e. We parameterizedthe probability of tagging on B daughters as a fun
tion of pseudo-proper time as asum of a de
aying exponential with a 
at asymptote.The asymmetries, ASST�B0 for neutral mesons and ASST�B+ for 
harged mesons,determined as usual by 
omparing the (daughter-tagged) SST 
harge with the triggerlepton 
harge, are negative. We 
an de�ne the \true asymmetries" for these samplesto be given by AtrueSST�B0 = �1 and AtrueSST�B+ = �1. We absorb the pseudo-propertime shapes in the observed asymmetries into de�nition of the dilutions:ASST�B0 = AtrueSST�B0DSST�B0 (6.10)ASST�B+ = AtrueSST�B+DSST�B+: (6.11)It is 
onvenient to make this de�nition when 
onstru
ting the �tter. The daughter tag-ging dilution is therefore given by DSST�B0 = �ASST�B0 and DSST�B+ = �ASST�B+.Figure 6-10 shows ASST�B0 and ASST�B+ as determined from the ele
tron and muonMonte Carlo samples.
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Figure 6-8: The squares are the probability, as a fun
tion of Lxy, that the tra
k sele
tedby the minimum prelt algorithm as the SST 
avor tagger is really a B daughter and not aprimary parti
le, determined from the in
lusive ele
tron Monte Carlo. The diamonds arethe probability that a SST 
harge in the voting algorithm is determined by B daughters asa fun
tion of Lxy.
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Figure 6-9: The probabilities of tagging on a B daughter as a fun
tion of pseudo-propertime given that the SST tag is asso
iated with a B0 (top) and B+ (bottom) meson.
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Figure 6-10: The asymmetry for daughter-tagged B0 (top) and B+ (bottom) events inthe lepton Monte Carlo as a fun
tion of pseudo-proper time. The �ts, an exponential addedto a 
onstant, were used as the shape for the �tter that we used to determine �md.
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6.3 Measured AsymmetriesWe applied the voting algorithm to the ele
tron and muon data samples in order todetermine a measured asymmetry as a fun
tion of pseudo-proper time. The measuredasymmetries 
an be seen in Figure 6-11. A 
lear neutral B os
illation 
an be seen inboth data samples.

Figure 6-11: The measured asymmetries as a fun
tion of pseudo-proper time in theele
tron (left) and muon (right) data samples.We �t these distributions in order to extra
t the value of �md . In the �ttingpro
ess we also determined the neutral and 
harged dilutions and the wrong-sign fakefra
tion in the muon sample.
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Chapter 7
The Fit
We extra
ted the value of �md from the measured asymmetries shown in Figure 6-11. To do this we 
omputed the expe
ted asymmetry as a fun
tion of pseudo-propertime for given values of �md, the 
harged and neutral B dilutions, and the wrong-sign muon fake fra
tion. We then employed a least squares �t in order to determinethe mixing frequen
y. In this 
hapter we show the result of �tting the measuredasymmetries with the expe
ted asymmetries to determine �md. We also show howthe di�erent sour
es of se
ondary verti
es 
ontribute to the expe
ted pseudo-propertime dependent asymmetries.7.1 The Fitting MethodWe 
an 
ompute the probability of �nding the sign of the SST 
harge, Qsst, andsign of the trigger lepton's 
harge to be the same, ��ss(t0), and di�erent, ��os(t0), as afun
tion of pseudo-proper time, t0, using the sample 
omposition, �md, and the SSTdilutions as inputs. The expe
ted asymmetry as a fun
tion of pseudo-proper time isrelated to ��ss and ��os by Apar(t0) = ��ss(t0)� ��os(t0)��ss(t0) + ��os(t0) : (7.1)Note that Apar is a fun
tion of the unknown parameters, �md, the neutral B mesondilution, the 
harged B meson dilution, and the muon wrong sign fake fra
tion. This125



fun
tion is di�erent for the ele
tron and muon event samples due to di�eren
e inthe sample 
ompositions. We denote the expe
ted parameterized asymmetry for theele
tron and muons samples to be Aepar and A�par respe
tively. Similarly, we denote themeasured asymmetry in the data-averaged 
enter of the ith pseudo proper-time binAemeasured(t0i) and A�measured(t0i) for the ele
tron and muon event samples respe
tively.In order to determine the value of the unknown parameters, we minimize, with respe
tto those parameters,�2 = Xe (Aepar(t0i) � Aemeasured(t0i))2�2(Aepar; N ei ) +X� (A�par(t0i)� A�measured(t0i))2�2(A�par; N�i ) ; (7.2)where N ei is the number of events in the ith pseudo-proper time bin for the ele
tronevent sample, N�i is the number of events in the ith pseudo-proper time bin for themuon event sample, and �(Apar; N) = s1� A2parN : (7.3)De�ned this way, � is an unbiased estimate of the error on the asymmetry (seeAppendix A). If we had used the measured asymmetry in 7.3 rather than Apar, wewould have biased the determination of �md. This is be
ause the error determinedfrom the measured asymmetry is smaller when the measured asymmetry 
u
tuatesaway from zero and larger when the measured asymmetry 
u
tuates towards zero inea
h pseudo-proper time bin.In order to determine �md, we therefore need to �rst determine the expe
tedsame-sign and opposite-sign probability density fun
tions, ��ss and ��os. We note thatif we 
an determine the probability densities as a fun
tion of proper time, we 
antransform these to fun
tions of pseudo-proper time using the appropriate k�fa
tordistributions and the proper-time resolution fun
tion. We therefore 
on
entrate on
onstru
ting the proper-time dependent same-sign and opposite-sign probability den-sity fun
tions.The proper time dependent probability density fun
tions 
an be expanded overthe di�erent parti
le spe
ies as follows:�ss(t) = Xptyp �ss(t; ptyp)f(ptyp) (7.4)126



�os(t) = Xptyp �os(t; ptyp)f(ptyp) (7.5)where ptyp is an index that indi
ates the parti
le type, B0, B+, Bs, �b, D0, D+, andDs, and f(ptyp) is the fra
tion of se
ondary verti
es due to the parti
le type. Forthe parti
le spe
ies that 
ontain a bottom quark we 
an de
ompose f(ptyp) into twofa
tors: f(ptyp)b�b = fb�bf(ptyp; b�b); (7.6)where fb�b is the b�b fra
tion and f(ptyp; b�b) is the fra
tion of se
ondary verti
es due tothe de
ay of bottom hadrons of the type ptyp. Similarly for 
�
,f(ptyp)
�
 = f
�
f(ptyp; 
�
): (7.7)We 
an express the fra
tions f(ptyp; b�b) and f(ptyp; 
�
) in terms of the hadron pro-du
tion fra
tions (fu, fd, fs, and fbaryon) and the parti
le lifetimes:f(ptyp; b�b) = fptyp�ptypPptyp;b�b fptyp�ptyp (7.8)f(ptyp; 
�
) = fptyp�ptypPptyp;
�
 fptyp�ptyp ; (7.9)where fptyp is the appropriate hadron produ
tion fra
tion and �ptyp is the lifetime forparti
le ptyp. The sum in 7.8 is over b�b parti
le spe
ies only and the sum in 7.9 isover the 
�
 parti
le spe
ies only. The produ
tion fra
tions are weighted a

ordingto the lifetimes sin
e we are only 
on
erned with semi-leptoni
 de
ays, and we areusing the fa
t that the semi-leptoni
 partial widths are nearly the same for all theparti
le spe
ies, and thus the semi-leptoni
 bran
hing fra
tions are proportional tothe lifetimes.On
e the expe
ted proper time dependent probability distributions are deter-mined, we 
an use Equation 5.7 to determine the probability distributions as fun
tionsof t0. The integral in k is approximated by a sum over the appropriate histogramsshown in Figures 5-3 and 5-4. We have:��ss(t) = Xptyp f(ptyp)Xj �kD(kj; ptyp) Z dtR(t0 � t=kj)�ss(t; �md; ptyp) (7.10)��os(t) = Xptyp f(ptyp)Xj �kD(kj; ptyp) Z dtR(t0 � t=kj)�os(t; �md; ptyp): (7.11)127



7.2 The Probability Density Fun
tions for B0 MesonsThe unmixed and mixed probability density fun
tions for B0 mesons are given byEquations 1.19 and 1.20. The same-sign and opposite-sign probability density fun
-tions for B0 mesons that have been tagged on primary tra
ks is given by�SST�Fss (t; �m;B0) = (ptag(1� pw�lep) + (1� ptag)pw�lep)�mix + (7.12)(ptagpw�lep + (1� ptag)(1� pw�lep))�nomix�SST�Fos (t; �m;B0) = (ptag(1� pw�lep) + (1� ptag)pw�lep)�nomix +(ptagpw�lep + (1� ptag)(1� pw�lep))�mix;where ptag = 1+D02 is the probability that the produ
tion 
avor tag is 
orre
t, ex-pressed in terms of the neutral B meson dilution, D0, when the produ
tion 
avor tagis determined by primary tra
ks, and pw�lep is the probability that the de
ay 
avortag is in
orre
t. The same sign and opposite sign probabilities when the SST tag isdetermined by B daughters are given by�SST�Bos = e�t=�� ((1� pw�lep)pSST�Btag + (pw�lep)(1� pSST�Btag )) (7.13)�SST�Bss = e�t=�� ((1� pw�lep)(1� pSST�Btag ) + pw�leppSST�Btag );where pSST�Btag = 1+DSST�B02 is the probability that the daughter-tagged SST algorithmprovides the expe
ted 
orrelation, as determined by Equation 6.10. The probabilitydensity fun
tions are then�ss(t;B0) = (1� pSST�B0)�SST�Fss + pSST�B0�SST�Bss (7.14)�os(t;B0) = (1� pSST�B0)�SST�Fos + pSST�B0�SST�Bos ;where pSST�B0 is the probability that the SST tag is determined by B daughters.7.3 The Probability Density Fun
tions for B+ MesonsCharged B mesons obviously do not undergo mixing. The expe
ted 
orrelation be-tween the lepton and the SST 
harge for 
harged B mesons is opposite that of neutral128



B mesons (see Figure 3-3). The probability density fun
tions are thus given by�os(t;B+) = e�t=�� ((1� pw�lep)p0tag + (pw�lep)(1� p0tag)) (7.15)�ss(t;B+) = e�t=�� ((1� pw�lep)(1� p0tag) + pw�lepp0tag)where we have de�ned p0tag to bep0tag = 1 + ((1� pSST�B+)D+ + pSST�B+DSST�B+)2 ; (7.16)where D+ is the 
harged B dilution when tagging on primary tra
ks, DSST�B+ is the\dilution" when tagging on B daughters, and pSST�B+ is the probability of taggingon a B daughter when the vertex is due to a 
harged B meson.7.4 The Probability Density Fun
tions for Bs MesonsThe Bs meson will also undergo mixing but with a mu
h higher os
illation frequen
y.The many os
illations in ea
h bin average out to a zero asymmetry per bin. Wetherefore set the same sign and opposite sign probability density fun
tions to be thesame: �ss = �os = e�t=�2� (7.17)7.5 The Probability Density Fun
tions for �b BaryonsWe wish to 
ompute the probability that we �nd a �b at a proper time t under theassumption that it is identi�ed as a B meson. The mass of the �b is di�erent fromthe mass of the B and we therefore need 
orre
t the lifetime distribution to a

ountfor this di�eren
e. We should also have 
orre
ted for this e�e
t when 
onstru
tingthe Bs meson probability density fun
tion as well, but the Bs��b mass di�eren
e isa fourth as large and was therefore negle
ted. We 
all y the �b proper time variableand t the proper time variable under the assumption that the de
aying parti
le is aB meson. We note that in terms of measurable quantities,y = LxyM�bpt (7.18)129



while we have as usual t = LxyMBpt : (7.19)We 
an relate the variables y and t byy = m�mB t; (7.20)and therefore transform the probability distribution fun
tion for �nding a �b as afun
tion of y, governed by the lifetime of the �b, to a fun
tion of t as follows:�(t) = ddT P (t < T ) = ddT P (m�mB t < m�mB T ) = dYdT ddY P (t < T ) = m�mB �(y(t)):(7.21)In the 
ase of �(y) = e�y=�� (7.22)the transformation yields �(t) = e�t=� 0� 0 (7.23)where � 0 = mBm� �: (7.24)We must therefore s
ale the lifetime a

ording to the ratio of masses. This issue will
ome up again when we 
ompute the probability density fun
tion for the prompt
harm parti
le spe
ies. The �b probability density fun
tions are given by�ss(t; �b) = e�t=� 0� 0 ((1� pw�lep)ptag + (pw�lep)(1� ptag)) (7.25)�os(t; �b) = e�t=� 0� 0 ((1� pw�lep)(1� ptag) + pw�lepptag);where ptag is determined from the produ
tion 
avor tagging dilution for the 
ase ofse
ondary vertex tagging on �b baryons.7.6 The Probability Density Fun
tions for PromptCharm MesonsAll three of the prompt 
harm probability density fun
tions are very similar, di�eringonly in the sign of the asymmetry and the value of the lifetimes and masses. We130



therefore present all three together. As in the �b 
ase, the lifetimes must be s
aled bythe ratio of the mass of the B meson to the mass of the 
harm meson. The probabilitydensity fun
tions are given by�ss(t; Du) = �1(t;Du) (7.26)�os(t; Du) = �2(t;Du)�ss(t; Dd) = �2(t;Dd)�os(t; Dd) = �1(t;Dd)�ss(t; Ds) = �1(t;Ds)�os(t; Ds) = �2(t;Ds);where we have de�ned�1(t;Di) = e�t=� 0i� 0i ((1� pw�lep)ptag + (pw�lep)(1� ptag)) (7.27)�2(t;Di) = e�t=� 0i� 0i ((1� pw�lep)(1� ptag) + pw�lepptag):7.7 DilutionsThe probability that a lepton provides an in
orre
t determination of the B de
ay
avor is determined from the sample 
omposition, with the muon fake fra
tion leftundetermined. The probability that a 
avor tag at the time of produ
tion is 
orre
tdepends on the SST dilution and is given byptag = 1 +D2 (7.28)where the dilution is di�erent for ea
h parti
le spe
ies. Most of the SECVTX tagsin the sample are due to de
aying B0 and B� mesons. We let the neutral B dilution(D0) and the 
harged B dilution (D+) 
oat in the �t that we used to determine�md. Be
ause daughter-tagging e�e
ts are expli
itly extra
ted for B0 and B+, thesedilutions are independent of t0. We �t the other parti
le spe
ies dilutions with a linearfun
tion, as 
an be seen in Figure 7-1 for the b�b parti
le spe
ies and in Figure 7-2for the 
�
 parti
le spe
ies. We �xed the slope of these dilutions to the Monte Carlo131



values. We also �xed the ratio of the neutral B dilution to the parti
le dilution att0 = 0:3 
m. In other words, the o�set of the dilutions are pegged to the neutral Bdilution via the Monte Carlo ratio of dilutions, for parti
les other than B0 and B+.

Figure 7-1: The dilution as a fun
tion of t0 for b�b parti
le spe
ies using the votingalgorithm. Also shown are linear �ts to the dilutions. The B0 and B+ dilutions have no t0dependen
e by 
onstru
tion (and the �ts have no signi�
ant slopes).
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Figure 7-2: The dilution as a fun
tion of t0 for 
�
 parti
le spe
ies using the votingalgorithm. These linear �ts are used as the dilution shape in the determination of �md.
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7.8 ResultsWe �t the ele
tron and muon data simultaneously by minimizing the �2 fun
tionshown in Equation 7.2 with respe
t to �md, the neutral and 
harged B dilutions,and the wrong-sign muon fake fra
tion. The �t results are shown in Figures 7-3and 7-4. The �t value of �md is same in both plots be
ause the parameters weredetermined in a single 
ombined �t. We obtain�md = (0:42 � 0:09)� (ps)�1 (7.29)D0 = 0:13 � 0:03D+ = 0:35 +0:04�:03f�wsfake = 0:02 +:03�:02where the quoted errors are statisti
al only.
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Figure 7-3: Fit results for the ele
tron asymmetry as a fun
tion of t0 from the 
ombinedele
tron and muon �t super-imposed over the measured asymmetries from the ele
tron eventsample.
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Figure 7-4: Fit results for the muon asymmetry as a fun
tion of t0 from the 
ombinedele
tron and muon �t super-imposed over the measured asymmetries from the muon eventsample.
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Chapter 8
Systemati
 Un
ertainties
In this 
hapter we present the e�e
ts of assumptions we have made in the 
onstru
tionof the same-sign and opposite-sign probability density fun
tions in the �t. We haveidenti�ed several di�erent 
ategories of assumptions that have a systemati
 e�e
t onthis analysis:� The input parameters to the �t,� The k�fa
tor distributions,� The resolution in Lxy,� The t0 dependen
e of SST dilutions,� The tagging on B daughters.We treat ea
h 
ategory separately.8.0.1 ParametersWe 
all �md, D0, D+, and f�wsfake the \output parameters" of the �t and the param-eters used for the 
omputation of Aepar and A�par that were not determined from the�t the \input parameters." Some of the input parameters are spe
i�
 to this analy-sis. For example, the sample 
omposition fra
tions and the parameterizations of theMonte Carlo based daughter-tagging probabilities were input parameters. In addition137



to the parameter values, we have determined the errors on those values, and theseerrors should be re
e
ted in the errors from the �t results. Other input parameters,su
h as the parti
le lifetimes, have been determined elsewhere, but still have errorsthat should be re
e
ted in the determination of �md. In some 
ases, di�erent inputparameters a�e
t the same physi
al aspe
ts des
ribed by the �tter, for example theB0 lifetime and the hadroni
 fra
tions both a�e
t the fra
tion of se
ondary verti
esdue to B0 mesons as a fun
tion of t0. The method that we employed in order toestimate the systemati
 un
ertainties a

ounted for these types of 
orrelated e�e
ts.We did this by performing a �t in whi
h we treated all of the parameters as inputparameters. In this �t we simultaneously determined the four input parameters ofthe normal �t and the forty parameters (p1; :::; p40) shown in the Tables 8.1 and 8.2.We added a new term to the �2 fun
tion shown in Equation 7.2 for the forty newoutput parameters. Ea
h of these new terms were of the form(pi � �pi)2�2i ; (8.1)where �pi is the 
entral value of the ith parameter and �i is the error on that parameter.The �2 fun
tion therefore looks like:�2 = Xe (Aepar(t0i)� Aemeasured(t0i))2�2(Aepar; N ei ) +X� (A�par(t0i)� A�measured(t0i))2�2(A�par; N�i ) + �; (8.2)where � = Xparams (pi � �pi)2�2i : (8.3)We 
all the �t in whi
h we minimize the �2 in Equation 8.2 the \super-parameter�t."The output parameters are determined from the super-parameter �t within anerror, whi
h we 
all �itot(float) for the ith parameter, where we have indi
ated thatthe forty parameters are 
oating in the �t. We are really only interested in three ofthese errors, ��mdtot (float), �D0tot (float), and �D+tot (float).Next we �t the data using the �2 fun
tion shown in Equation 7.2 with the fouroriginal output parameters and forty input parameters. Rather than setting the inputparameters to their 
entral values, we use the values of the parameters determined138



from the super-parameter �t. The errors on the output parameters from this �t arestatisti
al, and we denote them �istat(fixed), where we have indi
ated that the fortyparameters were �xed in the �t. We determined the systemati
 error due to the fortyinput parameters from the relationship�sys = q�tot(float)2 � �stat(fixed)2: (8.4)The systemati
 errors due to the input parameters 
an be found in Table 8.3.
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parameter value positive error negative error�B0 10�12s 1.54 0.03 0.03�B0=�B+ 1.07 0.03 0.03�Bs 10�12s 1.54 0.07 0.07��b 10�12s 1.24 0.08 0.08�D0 10�12s 0.415 0.004 0.004�Dp 10�12s 1.057 0.015 0.015�Ds 10�12s 0.495 0.013 0.013fu 0.397 0.018 0.022fd 0.397 0.018 0.022fs 0.105 
onstrained by P f = 1 
onstrained by P f = 1fbary 0.101 0.039 0.031peleseq 0.06 0.01 0.01f elefake 0.004 0.002 0.002f
onv 0.008 0.001 0.001fmuoseq 0.085 0.01 0.01MB0 GeV 5.279 0.002 0.002MBp GeV 5.278 0.002 0.002MBs GeV 5.369 0.002 0.002M�b GeV 5.624 0.009 0.009MD0 GeV 1.8646 0.0005 0.0005Table 8.1: The �rst half of the input parameters to the �t.
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parameter value positive error negative errorMD+ GeV 1.8693 0.0005 0.0005MDs GeV 1.9685 0.0006 0.0006f bbele 0.96 0.01 0.01f bbmuo 0.92 0.01 0.01Dil Slope �b 0.06 0.23 0.23Dil Slope D0 0.58 0.42 0.42Dil Slope D+ 0.14 0.29 0.29Dil Slope Ds 0.66 0.62 0.62B0 d-tag probability p1 14.4 1.2 1.2B0 d-tag probability p2 .084 0.012 0.012B0 d-tag probability p3 0.026 0.007 0.007B0 d-tag dilution p1 9.136 8.48 8.48B0 d-tag dilution p2 0.32 0.13 0.13B0 d-tag dilution p3 -0.340 0.04 0.04B+ d-tag probability p1 17.2 2.2 2.2B+ d-tag probability p2 0.077 0.008 0.008B+ d-tag probability p3 0.020 0.005 0.005B+ d-tag dilution p1 33.38 26.27 26.27B+ d-tag dilution p2 0.74 0.51 0.51B+ d-tag dilution p3 -0.23 0.06 0.06Table 8.2: The se
ond half of the input parameters to the �t.parameter positive error negative error�md (ps)�1 0.017 0.013D0 0.021 0.005D+ 0.0283 0.0245Table 8.3: Systemati
 errors asso
iated with the input parameters.141



8.0.2 k�Fa
tor DistributionsThe k�fa
tor distributions, shown in Figures 5-3 and 5-4, are basi
 
omponents in thetransformation of the proper time dependent asymmetries to the pseudo-proper timedependent asymmetries. The 
entral value of the k�fa
tor distributions and the par-ti
le lifetimes together determine the s
ale for the pseudo-proper time. We 
onsideredtwo sour
es of systemati
 e�e
ts on the determination of the k�fa
tor distributions,the de
ay model for B mesons and the e�e
tive isolation sele
tion requirements forthe trigger ele
trons.De
ay ModelThe k�fa
tor distributions are determined by the multipli
ity and kinemati
s of thehadron de
ays asso
iated with the se
ondary verti
es in the in
lusive lepton samples.These distributions are sensitive to the energies 
arried by the trigger lepton, neutrino,and neutral de
ay produ
ts. We used the QQ program [28℄ developed by the CLEO
ollaboration to simulate the de
ay of B mesons. In order to estimate the impa
tof the de
ay model on the measurement, we generated new samples of ele
tron andmuon b�b events in whi
h the B meson is de
ayed a

ording to phase spa
e. From theseMonte Carlo samples, we re
omputed the k�fa
tor distributions for the B mesons,and �t the data to determine �md and the 
harged and neutral B dilutions. Wetook the di�eren
es between the output parameter values determined from this �tand the original �t to be the systemati
 errors, whi
h we symmetrized sin
e there isno physi
al reason to expe
t the error due to the de
ay model to be either positiveor negative. The systemati
 errors determined from this e�e
t is shown in Table 8.4.parameter positive error negative error�md (ps)�1 0.003 0.003D0 0.0 0.0D+ 0.0 0.0Table 8.4: Systemati
 errors asso
iated with the de
ay model.142



Ele
tron IsolationWe for
ed the pt distribution of the trigger lepton determined from the Monte Carloto agree with distribution determined from the data by weighting the Monte Carloa

ordingly (Figure 4-3). As explained in se
tion 6.2.1, the trigger ele
tron is iso-lated by the requirement that there be very little energy measured in the hadroni

alorimeter near the ele
tron tra
k. This sele
ts de
ays for whi
h the hadrons do nottravel along with the trigger ele
tron. If the Monte Carlo dete
tor simulation did notproperly emulate the e�e
ts of this isolation requirement but the Monte Carlo still(as a result of the weighting) provided the same ele
tron pt spe
trum as the data, thekinemati
s of the B de
ays that satisfy the isolation requirement would have to bedi�erent in the Monte Carlo 
ompared to the data. If the kinemati
s of the B de
ayswere di�erent, the k�fa
tor distribution would be di�erent as well. To a

ount forthis e�e
t we inter
hanged the ele
tron and muon k�fa
tor distributions sin
e themuon is not required to be isolated. We symmetrized the di�eren
e between the two�ts as the systemati
 error, shown in Table 8.5.parameter positive error negative error�md (ps)�1 0.002 0.002D0 0.001 0.001D+ 0.001 0.001Table 8.5: Systemati
 errors asso
iated with the modeling of ele
tron isola-tion.
8.0.3 Lxy ResolutionIf the resolution in Lxy (and thus t0) is not properly simulated in the Monte Carlo,we would expe
t to see a bias in the determination of �md. The argument of the143



resolution fun
tion, t0�t=k, is proportional to the width of the resolution in Lxy, �Lxy.A 
onservative estimate on the Lxy resolution is 20% [32℄. We therefore res
aled theproper time resolution fun
tion by �20% and re-�t to determine the systemati
 e�e
tson the �t parameters from the shifts in the output parameters. Table 8.6 shows thesystemati
 un
ertainties due to the un
ertainty on the  Lxy resolution s
ale.parameter positive error negative error�md (ps)�1 0.008 0.008D0 0.003 0.003D+ 0.001 0.001Table 8.6: Systemati
 errors asso
iated with the resolution in Lxy.
8.0.4 Tagging on B DaughtersWe used Monte Carlo studies to determine the fra
tion of B0 and B+ events thatare SST-tagged on B daughters as a fun
tion of pseudo-proper time. We also de-termined the SST asymmetries as a fun
tion of pseudo-proper time when the SSTtag is determined by B daughters. If the Monte Carlo does not a

urately modelthe daughter-tagging probabilities and asymmetries, the �t may be biased. Thenumber and distribution of fragmentation tra
ks relative to B daughter tra
ks dom-inates the daughter-tagging probabilities and asymmetries. We therefore 
omparedthe daughter-tagging shapes from two versions of Pythia, one that was tuned [27℄to mat
h fragmentation distribution in b�b produ
tion (the Monte Carlo sample usedin this analysis), and one that was untuned. In the untuned Pythia sample, we re-determined the daughter-tagging probabilities as a fun
tion of t0 and the asso
iatedasymmetries, using the same fun
tional form for the parameterizations. We usedthese new parameterizations to �t for the four output parameters in this analysis.We symmetrized the di�eren
es between the old and new values as the systemati
144



un
ertainties from the use of Monte Carlo in modeling daughter-tagging for the �tter.The systemati
 errors due to this e�e
t is shown in Table 8.7.parameter positive error negative error�md (ps)�1 0.019 0.019D0 .003 .003D+ 0.0 0.0Table 8.7: Systemati
 errors asso
iated with the Monte Carlo model fordaughter-tagging.
8.0.5 Dilutions for Parti
les Other Than B0 and B+We used the ratio of dilutions for �b, Bs, D0, D+, and Ds to the neutral B dilutionat t0 = 0:3 
m from the Monte Carlo. We follow the same pro
edure as we didin estimating the e�e
t of daughter-tagging: repeating the �t using ratios derivedfrom the untuned Pythia Monte Carlo and symmetrizing the di�eren
e in �t results.Table 8.8 shows the systemati
 un
ertainties due to the un
ertainty on the ratios ofdilutions.parameter positive error negative error�md (ps)�1 0.0 0.0D0 .001 .001D+ 0.002 0.002Table 8.8: Systemati
 errors asso
iated with the Monte Carlo determinationof dilution ratios.
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8.1 Total Systemati
 ErrorsWe summed in quadrature the systemati
 errors from the identi�ed sour
es of un
er-tainty. We �nd that the systemati
 errors are 
onsiderably smaller than the statisti
alerrors for �md while they are 
omparable for the dilutions.parameter �+sys ��sys �+stat ��stat�md (ps)�1 0.027 0.025 0.09 0.09D0 0.0214 0.007 0.03 0.03D+ 0.0284 0.0246 0.03 0.04Table 8.9: Combined systemati
 errors, dominated by the input parametersand the Monte Carlo model for daughter-tagging.
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Chapter 9
Con
lusions
In this thesis we have unambiguously shown that it is possible to study B mesons inin
lusive lepton samples at hadron 
olliders by exploiting 
harge-
avor 
orrelationsin the produ
tion pro
ess. In our measurement of �md, we have resolved diÆ
ultiesdue to large ba
kgrounds and the e�e
ts from tagging on B daughters inherent tothe in
lusive environment. Two novel aspe
ts of this analysis are the 
onstru
tion ofa voting based same side tagging algorithm and the use of distributions over r and�R to separate B daughter tra
ks from primary tra
ks. We measured the neutral Bmeson mixing frequen
y to be�md = 0:42+:09�:09(stat)+:03�:03(sys)� (ps)�1:This measurement is statisti
s limited. The statisti
al pre
ision of our determinationof �md is within the range of other measurements performed at CDF. An in
lusivelepton analysis, using both the Soft Lepton and the Jet Charge opposite side taggers,has a statisti
al error of 0:05 [31℄ while a partially re
onstru
ted analysis using �B0 !l��D�+X using the Soft Lepton tagging algorithm to determine the produ
tion 
avorhas a statisti
al error of 0:099 [35℄. The world average is given by �mworldd = 0:46�0:018 [4℄.
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9.0.1 Future Appli
ationsThe Tevatron and the CDF dete
tor are 
urrently being substantially upgraded for anew data taking run 
alled Run II. Nearly twenty times the data 
olle
ted in Run Iwill be re
orded in the �rst phase of Run II. There will be improved versions of theCTC and SVX tra
king dete
tors. In parti
ular, the new sili
on vertex dete
tor willre
ord tra
ks in three dimensions. There will be a Level 2 trigger to sele
t events withdispla
ed tra
ks. This will provide a high statisti
s low ba
kground B event sample.With three-dimensional sili
on vertexing, the di�erentiation between B daughtersand primary tra
ks should be mu
h more e�e
tive. The te
hniques outlined in thisthesis should allow for 
lean in
lusive B measurements.A possible extension of the te
hniques employed in this analysis is to use the dis-tributions that separate daughter tra
ks from primary tra
ks for se
ondary vertexing.By adding 
harges of tra
ks with high probability of being a B daughter to the sum ofthe 
harges of the tra
ks that 
omprise a se
ondary vertex, the 
harge of the de
ayingb hadron 
an be determined. The most signi�
ant ba
kground sour
e in this analysisis the de
ays of 
harged B mesons. A 
harge determination of the de
ay vertex wouldallow for a signi�
ant redu
tion in the 
harged B ba
kground as well as a means toredu
e the 
orrelations between the measured 
harged B dilution and �md. Thisis be
ause the o�set due to 
harged B mesons in the measured asymmetry wouldbe smaller and better determined. The probability distributions 
an also be used toimprove the proper time resolutions by helping to provide better measurements of Bmomenta and the lo
ation of B de
ays.The Voting SST algorithm as 
onstru
ted for this analysis is independent of theSoft Lepton and Jet Charge opposite side taggers. The simultaneous appli
ation ofboth the opposite side taggers and our SST algorithm would therefore provide a better�md measurement than using OST or SST algorithms ex
lusively.Voting SST algorithms should prove useful in both in
lusive and ex
lusive Bsamples for produ
tion 
avor tagging. This te
hnique 
an play an important rolein redu
ing un
ertainties in future measurements of �md and �ms as well as in148



observing CP violating e�e
ts at hadron 
olliders.
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Appendix A
The Statisti
al Error on anAsymmetry
A measured raw mixing asymmetry, Araw, is de�ned in terms of the number of eventsfor whi
h the produ
tion and de
ay 
avor taggers are the same sign, S, and thenumber events that they are the opposite sign, O:Araw = S � OS +O : (A.1)Sin
e every 
avor tagged event falls into one of the two 
atagories, the probability dis-tribution over Araw is binomial. We 
an therefore express the error on the asymmetryin terms of the true asymmetry, Atrue and the number of events. It is 
onvenient tomake the following de�nitions: n � S +O (A.2)s � Sn : (A.3)We 
all the true probability for getting a same-sign event �s. The same sign fra
tion,s, is related to the asymmetry by s = 1 +Araw2 (A.4)�s = 1 +Atrue2 : (A.5)150



A

ording to the binomial distribution, the varian
e on s is given by�2s = �s(1� �s)n = 1n(1 +Atrue2 )(1�Atrue2 ) = 1�A2true4n : (A.6)We 
an express Araw in terms if s to get�2Araw = �2s( dsdAtrue )2 = 4�2s = 1�A2truen : (A.7)So the error on the asymmetry is given by�Araw = s1�A2truen : (A.8)We de�ne the produ
tion 
avor tagging e�

ien
y, � to be:� � nN ; (A.9)where N is the number of events prior to produ
tion 
avor tagging. When it isne
essary to 
orre
t the raw asymmetry by a s
ale fa
tor,Araw = DA
orr (A.10)we get for the error on the 
orre
ted asymmetry:�Araw = D�A
orr (A.11)and we therefore get �A
orr = s1�Atrue2N�D2 : (A.12)It is be
ause of Equation A.12 that we optimized the probability 
ut by maximizing�D2 and thereby minimizing the error on the asymmetry.
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